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Gasfilled Relays. 


PART I—THEORY AND DESIGN, 


No. 2. 


By S. K. LEWER, B.Sc. and C. R. DUNHAM, B.A. 
Research Lat oratories of The General Electric Co., Ltd., Wembley, England. 


INTRODUCTION. 


HE gasfilled relay is perhaps 
best described as a con- 
trolled rectifying valve 

and for this reason it will be 
convenient first to consider the 
fundamental properties of the 
rectifier, paying particular attention 
to the gas-discharge type. In 
recent years the gas-discharge 
rectifier in which the cathode is 
a pool of liquid mercury, has 
firmly established itself in electri- 
cal engineering and its success is 
largely accounted for by its high 
efficiency, its reliability, compact- 
ness, absence of moving parts, and 
silence in operation. The par- 
ticular form of rectifier of this 
type which has been applied so 
successfully is that employing the 
mercury-vapour discharge. There 
is a more recently developed form of 
mercury-vapour rectifier in which 
the mercury-pool is substituted by 
a hot cathode. The applications 
of the mercury-vapour rectifier 


are more widespread than those of valves filled 
with other gases, although there are some instances 
in which the latter may prove more serviceable. 
The controlled mercury-vapour rectifier, or gas- 
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The gasfilled relay is essen- 
tially a three-electrode gas- 
discharge rectifier in which the 
large rectified output can be 
controlled by the application of a 
minute amount of energy to a 
controlling electrode. 

In Part I of this article the 
theoretical considerations of gas- 

: discharge rectifiers and_ the 

: function of the control electrode 

: in the gasfilled relay are 
discussed, with special reference 
to the mercury-vapour type. In 
particular, a description is given 
of the Osram G.T.1 gasfilled 
relay which has recently been 
developed by the G.E.C. for use 
in low-power circuits. In Part Il 
(to be published in the next issue 
of the G.E.C. Journal) a number 
of practical applications of this 
type of relay will be described, 
notably its use as an ultra- 
sensitive relay and in highly 
efficient apparatus for the con- 
version of D.C. to A.C. and 
vice versa. 
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filled relay, although of more recent 
development than the ordinary 
rectifier, has already shown 
definite promise of far more 
numerous applications. These will 
be described in detail in Part II of 
this article. 


THE RECTIFYING VALVE. 


The principle of the high- 
vacuum thermionic rectifier is well 
known. Briefly it consists of an 
electron-emitting cathode and an 
anode of suitable material in an 
evacuated envelope. When the 
anode is at a positive potential 
with respect to the cathode, 
electrons emitted by the latter 
traverse the evacuated space to 
the anode, giving rise to what is 
known as the forward current. 
When the anode is at a negative 
potential with respect to the 
cathode, no reverse current can 
flow since the anode does not 
emit electrons, but if there happens 
to be any emission from the 


anode, a reverse current will flow, and the’ rectifying 
action will be destroyed. This condition’may exist 


at very high anode voltages, thereby placing an 
upper limit to the working voltage. 








68 G.E.C. JOURNAL 


In the high-vacuum rectifier, a small electron 
current may flow to the anode when the latter is at 
zero potential. This current arises from the initial 
velocities of the electrons escaping from the filament, 
but is limited by the negative space charge of 
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Fig. 1..-Typical characteristic of high-vacuum 


rectifier. 


electrons surrounding the filament. As the positive 
potential of the anode is raised, this electron current 
increases rapidly, but is still limited by the negative 
space charge. As a result of this, the impedance of 
the rectifier is high, and there is a large voltage drop 
across the valve. A typical characteristic of a high- 
vacuum rectifier is shown in fig. 1. Now if the 
rectifier is filled to a low pressure with an inert gas 
such as helium, argon, neon, or mercury vapour, a 
small anode potential (of 15 to 25 volts) will give the 
electrons sufficient energy to produce ions by collision 
with the atoms of the gas. The conduction of 
current is then accompanied by a visible discharge 
which appears as a glow in the tube. The constant 
supply of positive ions neutralises the negative 
space charge, and therefore reduces the repelling 
held with the result that a very much larger current 
flows to the anode for a given anode potential than 
in the case of the high-vacuum valve. On account of 
this neutralisation, the impedance of the rectifier is 
reduced practically to zero, and may actually become 
partly negative, so that the discharge assumes the 
character of an arc. Under these conditions, the 


May, 1932 


voltage drop across the rectifier is practically 
constant and independent of variations in the load, 
and the valve may be regarded as having zero 
impedance associated with a constant back-e.m.f. 
equal to the voltage drop which, of course, is always 
very low. A typical characteristic of the gasfilled 
rectifier is shown in fig. 2. The actual current 
passing through the tube will therefore depend on 
the circuit conditions, and it follows that the circuit 
must contain a suitable resistance or other current- 
limiting device. 

The positive ions have a much greater mass and 
therefore a much smaller mobility than the electrons. 
In the time taken by one positive mercury ion to 
traverse the space between the anode and cathode, 
approximately 600 electrons will pass across in the 
opposite direction, so that the positive ions contribute 
very little to the total current flowing through the 
tube, and the current is carried mainly by electrons. 
Consequently, its maximum permissible value is 
limited by the saturation emission of the cathode. 
This is a most important consideration in the 
oxide-coated or thoriated tungsten cathodes used in 
gas-discharge tubes. If an attempt is made to 
increase the current load above this value, the 
potential difference increases with the current, and 
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Fig. 2._-Typical characteristics of mercury-vapour 
rectifier. 


if carried too far, the thermionic emissivity of the 
cathode will be destroyed by the excessive bombard- 
ment by positive ions having more than a certain 
critical kinetic energy. This critical limit to the 
voltage drop was first investigated by Hull and 
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Winter.* The thermionic life of the cathode is 
shortened very considerably if the potential difference 
across the arc is not maintained well below this 
critical value, but with requisite caution, the life is 
satisfactory for practical purposes. 

In some cases, it is found that at high current 
values approaching the maximum emission, the 
bombardment of the cathode by positive ions is 
sufficient to raise the temperature of the cathode and 
therefore to increase its emission so that an 
equilibrium condition is attained in which the 
arc potential drop is sufficient to maintain this 
temperature. 


CATHODE TEMPERATURE. 


~ 


Since the cathode must provide an adequate 
emission for the current required to pass through 
the tube, it follows that the cathode must be heated 
to its normal emitting temperature before any anode 
current is allowed to pass. This temperature is 
dependent upon the nature of the cathode, which in 
the case of the gas-discharge tube is almost always an 
alkaline-earth oxide, although a thoriated tungsten 
cathode can be used for certain types. The use of 
pure tungsten as a cathode is restricted to the 
high-vacuum type of rectifier. 

This necessity of pre-heating the cathode, 
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Fig. 3.—-Mercury arc rectifier used for railway 
traction supply. 


presents a disadvantage which at present cannot be 

overcome. It is perhaps a more troublesome 

drawback in the smaller types which are subjected 

to more frequent switching on and off, than in the 

larger types which operate almost continuously. 
*Hull and Winter. Physical Review. 21. 211. 1923. 


A similar precaution applies to switching off. The 
cathode must continue to give its full emission until 
the anode current is no longer required, which 
means that the cathode heater must not be switched 
off before the anode circuit is broken. The two 
circuits may, of course, be broken simultaneously. 
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VAPOUR PRESSURE IN MILLIMETRES OF MERCURY 
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Fig. 4.—-Relationship between vapour pressure of 
mercury and its temperature. 


Various types of time-delay switches are available 
which eliminate the additional attention otherwise 
required in starting up the rectifier. These switches 
close the cathode heating circuit first and then the 
anode circuit after a pre-determined interval, depend- 
ent on the thermal properties of the cathode. 

Any failure to observe these precautions will 
result in a disastrous overloading of the cathode 
with consequent damage by positive ion bombard- 
ment. 

In the particular case of the mercury-pool 
cathode these conditions do not apply. The 
emission from the mercury pool comes from a hot 
spot on the surface, and since this is constantly 
being renewed, there can be no permanent damage 
resulting from positive ion bombardment. Conse- 
quently, mercury pool rectifiers have the additional 
advantage of high overload capacity, which is of the 
utmost importance in high power systems. An 
illustration of one of these rectifiers is shown in 


fig. 3. 


GAS PRESSURE. 


It is not sufficient merely to ensure that the 
cathode provides an adequate electron emission. 
This alone does not eliminate all possibility of 
destructive cathode bombardment. The further 
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requirement is to ensure that the gas pressure is not 
too low. If the pressure is too low, there will be a 
reduced probability of collision between electrons 
and gas atoms, and in order to provide sufficient 
positive ions, the voltage drop across the tube must 
necessarily rise, and may possibly exceed the safe 
limit. | 

On the other hand, if the gas pressure is high, 
the voltage drop across the arc will fall on account 
of the increased probability of ionisation. For 
mercury vapour the permissible range of pressure 
is from I to 100 microns of mercury and for the 
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Fig. 5.—-Indirectly-heated, heat-shielded 
cathode. 


inert gases, pressures of the order of I mm. are 
generally used. 

In the case of rectifiers filled with any of the 
inert gases, the pressure can vary but little over 
the ordinary working temperatures of the bulb, and 
the conditions dependent on the gas pressure as 
described above, are approximately constant. The 
mercury-vapour rectifier, however, requires more 
attention in this respect. In this type it is customary 
to introduce into the evacuated bulb during the 
pumping, a small globule of mercury. (This is 
unnecessary, of course, in the larger types utilising 
mercury pool cathodes). The vapour pressure of 
mercury varies quite rapidly with the temperature 
in the normal working region. The relation between 
the vapour pressure of mercury and its temperature 
is shown in fig. 4. The vapour pressure is determined 
of course by the temperature of the coolest part 
of the bulb where the mercury condenses, and it 
therefore follows that there is a minimum temperature 
of the tube below which there will be an excessively 
high voltage drop across the arc. In practice the 
minimum mercury condensation temperature 1s 
about 40 degrees C. which gives a vapour pressure 
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of about 0.006 mm. of mercury. The upper limit 
of vapour pressure is that which corresponds to the 
minimum sparking potential, for the latter is the 
maximum reverse voltage which the rectifier will 
withstand. That is to say, the maximum or peak 
voltage which the tube will rectify depends upon 
the mercury condensation temperature. At high 
temperatures, the breakdown voltage is low, and 


vice versa. The exact values are functions of the 
tube design. 


THE TUNGAR VALVE. 


In this tube an inert gas at comparatively high 
pressure is employed. The advantage gained by 
this practice is due to the protective action of the 
gas. The cathode which is of the oxide-coated type, 
is operated at a high temperature and correspondingly 
high efficiency, and under these conditions the 
cathode can only have a long useful life if evaporation 
is prevented by the use of a high gas pressure. If 
the same cathode were operated at this high temper- 
ature at the low pressures which have just been 
discussed, its life would be very short on account of 
rapid evaporation. The great disadvantage of this 
type of rectifier is the low breakdown voltage, 
resulting from the high gas pressure, but it is 
admirably suited to low voltage, heavy-current 
circuits. 

A further difference between the Tungar rectifier 
and the low-pressure rectifiers is in the nature of the 
conduction. A large increase in the current carrying 
capacity is obtained by making use of the gas 
current of positive and negative ions in addition to 
the cathode emission, whereas the latter supplies 
practically all the current in the low-pressure 
gasfilled rectifier. 


HEAT-SHIELDED CATHODES. 


It has already been shown how the use of a low 
pressure gas instead of a vacuum for a rectifier tube 
greatly increases its current-carrying capacity. A 
further advantage arising from this is the possibility 
of using various devices to increase the efficiency of 
the cathode which would not be feasible in the high 
vacuum rectifier. Both of these advantages are due 
to the neutralisation of the negative space charge 
by positive gas ions. The improved cathode of 
high thermal efficiency due to A. W. Hull.* generally 
known as a “heat-shielded cathode,” has, in itself, 
many advantages. For instance, it can be indirectly 
heated and therefore the emitting surfaces can be 
all at the same potential. Also since the oxide coated 
surfaces are in practice almost totally enclosed, 
there is far less risk of contaminating other parts of 
the tube with particles of coating which have become 
loosened. 

In the high vacuum rectifier, the construction 


*Hull. J.Am.1.E.E. 47. 798. 1928. 
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of the cathode is essentially of an open nature, in 
order to minimise the limiting effects of the space 
charge of electrons. Even in the case of bright 
metal filaments, the thermal radiation is of a high 
order. For dull or matt surfaces, such as the oxide- 
coated variety, the radiation is higher still. Conse- 
quently the thermal efficiency of these cathodes is 
not very high. Now, in gas discharge tubes, the 
space-charge is neutralised by positive ions, and 
therefore it is no longer necessary to consider it in 
the design of the cathode. The electron emitting 
surfaces which are also of high thermal emissivity 
can be almost totally enclosed and surrounded 
externally by polished heat-reflecting shields to 
conserve the heat. In this respect the heat shielded 
cathode resembles a miniature black body furnace. 
A small aperture is necessary to permit the escape 
of electrons. One of the best designs* of an 
indirectly-heated heat-shielded cathode is illustrated 
in fig. 5. The cathode itself consists of a number 
of vanes of thin nickel mounted radially on a nickel 
cylinder, these being surrounded by an outer nickel 
cylinder. The spaces enclosed between the vanes 
are coated with the emitting material, usually alkaline 
earth oxides, and the whole is heated internally by a 
tungsten spiral mounted inside the inner cylinder. 
The loss of heat from the polished exterior surface 
of the outer cylinder can be reduced by surrounding 
it with other polished metal cylinders of larger radii. 
They serve to reflect the heat back to the electron 
emitting surfaces. Each cylinder further diminishes 
the loss of heat by radiation but there is very little to 
be gained by the use of more than two external 
cylinders. Heat-shielded cathodes of this type can 
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Fig. 6 (a).—-Double spiral cathode. 
(b).—Zig-zag cathode. 


be made to give very high emission efficiencies, even 
up to about 3 amperes peak emission per watt of 
heating energy, compared with o.1 ampere peak 
per watt—for a simple straight oxide-coated filament. 

The principle of heat-shielding is not limited to 
indirectly-heated cathodes. For instance, the 
directly-heated oxide-coated strip filament may be 
coiled into a spiral as shown in fig. 6a. This type 
has}a higher thermal efficiency than the straight 
filament, since there is comparatively little heat loss 








*Hull, G.E. Review. 32. p.p. 213 & 390. 1929. 


from the inner turns of the spiral. The outer 
surfaces of the outside turns may be left uncoated. 
The polished metal surface, having less emissivity, 
is thereby able to maintain a high temperature for 
the inner coated surface. 

A zig-zag strip filament fig. 6b is also an improve- 
ment over the straight strip for the same reason. 
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Fig. 7.—Type G.T.1 gasfilled relay. 

















Directly-heated cathodes of this general form may 
have an efficiency of 0.3 ampere peak emission 
per watt. 


THERMAL LAG. 


The necessity for pre-heating the cathode to its 
normal operating temperature before any current 
is passed through the tube has already been explained. 
Some of the small directly-heated cathodes attain the 
operating temperature in a few seconds, but the 
indirectly-heated type of the same heating power 
rating requires a longer interval on account of the 
greater thermal capacity. The delay is greater still 
when various heat-shielding devices are used, for 
the same reason. 

The heating time of an indirectly-heated heat- 
shielded cathode rated at 100 watts, may be as great 
as I5 minutes. 


EFFECT OF INTRODUCING THE GRID ELECTRODE. 

The introduction of a grid into the simple 
rectifier permits the controlling of the heavy anode 
current by the application of a very small amount 
of energy to the grid. It has already been described 
how a potential of a few volts applied to the anode 
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of a gasfilled rectifying valve will give rise to a small 
electron current as in the case of a high vacuum 
valve, and how if the anode potential is raised above 
a certain limit (about 15 volts for a mercury-vapour 
valve) an arc discharge is started by ionisation and 
the anode current increases to a very much greater 
value. Now if a negatively charged electrode, 
resembling the grid of the vacuum triode, be placed 
in the tube so that it constitutes a complete screen 
between anode and cathode, this arc discharge may 
be withheld even when a large positive potential is 
applied to the anode. Fig. 7 shows a typical 
construction of such a triode. 

The theory of this controlled rectifier in its 
simplest form may be stated thus: Suppose the 
screening electrode, or grid, be maintained at a 
negative potential with respect to the cathode, and 
further suppose that the positive anode potential be 
gradually raised from zero. At any instant, the 
electric field at the cathode is given by (E, + uE,) 
where » 1s the amplification factor, in accordance 
with the simple theory of the vacuum triode. No 
electrons can leave the cathode if the field E, + uE, 
is sufficiently negative, and therefore no current 
flows to the anode, but as the anode potential E, is 
raised, a point will be reached at which electrons 
emerge from the cathode, and these in passing to the 
anode, ionise atoms of the gas in the tube. The 
negative grid is immediately enveloped in a sheath 
of positive ions, which nullifies its influence on the 
electric field and its control of the passage of current. 
Further, owing to the neutralisation of the negative 
space charge surrounding the cathode by other 
positive ions, the discharge assumes all the character- 
istics of that of a gasfilled diode, as previously 
explained. The value of the anode potential at which 
the discharge occurs 1s critical and depends on the value 
of the grid potential, and also on other conditions 
such as the pressure of the gas. The ratio of anode 
potential to grid potential at the critical striking 
point is known as the “grid-control ratio’’ and is 


defined asm =  - wt ] Ie =O 


£ min 


In most designs this is approximately constant, 
except at low anode voltages approaching the 
minimum striking potential. 

Before the discharge begins, this gasfilled triode 
behaves exactly as a vacuum triode, that is to say, a 
small electric field resulting from the anode and grid 
potentials causes a very small anode current of 
electrons to flow and the magnitude of this current 
can be varied by adjusting the grid voltage. After 
the discharge has been started, however, either by 
raising the anode voltage, or by lowering the grid 
voltage, all resemblance to the vacuum triode 
disappears, and the valve behaves exactly like the 
simple gasfilled diode rectifier. In the vacuum 
triode, an increasing negative grid potential dimin- 
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ishes the anode current by opposing to a greater 
extent the positive field by which electrons pass to 
the anode. In the gasfilled triode, when it is in the 
ionised condition, the effect of an increasing negative 
grid potential is merely to attract more positive ions 
to it, giving rise to an increased grid current and a 
surrounding sheath of positive ions. This removal 
of positive ions is negligibly small compared to the 
neutralisation of positive and negative ions essential 
to the main arc discharge, so that there is practically 
no effect on the anode current, the value of which 
is determined by the circuit conditions, as in the 
case of the rectifier. 

The grid current before ionisation occurs consists 
of a flow of electrons to the grid, and is very small 
indeed, as in the vacuum triode, unless of course, 
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Fig. 8.—Relationship between grid voltage and grid 
current in a small gasfilled relay while discharge 
is passing. 





the potential of the grid is positive with respect to 
the cathode. When the arc is struck, the grid current 
rises very considerably and consists of a positive ion 
current to the grid, so that the actual current in the 
grid lead changes its direction. Of course, for 
positive grid potentials, the grid current increases 
rapidly and if the grid potential reaches the ionising 
value, an arc discharge to the grid will occur unless 
some precaution is taken to limit the current. For 
this reason a high resistance is usually connected ‘in 
the grid lead. This resistance may be very high, of 
the order of 1 megohm in some small types. A 
curve showing the nature of the variation of grid 
current with grid potential is shown in fig. 8. This 
applies to the case when the discharge has already 
been started. Fig. 9 shows the grid characteristic 
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for the case when there is no discharge, that is to 


say when the potential of the anode is zero or 
negative. 


TRIGGER VOLTAGE. 


Only a very small change of grid voltage at the 
critical condition is required to trigger the discharge. 
Further, the grid current which flows while the 
discharge is withheld is very small so that the 
gasfilled relay may be controlled by a high 
impedance grid-circuit such as a _ photo-electric 
cell. The energy required to trigger the gasfilled 
relay is very small, since all that is required is a 
small change of voltage at a small value of current 
for a short interval of time. Even for the larger 
types the controlling power is only a few microwatts. 
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Fig. 9.—-Relationship between grid voltage and grid 
current in a small gasfilled relay while no discharge 
is passing. 


EXTINCTION OF THE ARC DISCHARGE. 


It is not strictly true to say that a negative 
potential applied to the grid cannot extinguish the 
arc. In an ordinary type of gasfilled triode the grid 
can interrupt the arc discharge but only under 
certain conditions of very low anode current, low 
vapour pressure and high negative grid potential. 
The extinction is made possible in this way by the 
removal of positive ions to the grid. Special tubes 
have been designed to provide complete control, 
i.e., Starting and stopping of the arc current by 
means of a negative grid potential. The principles 
employed are briefly, 

(a) the complete surrounding of the anode by a 
grid of very fine mesh, 

(b) the mounting of the grid and anode so that the 

maximum separation is not appreciably greater 


than the mean free path of an electron in the 
vapour, and 
(c) the placing of the anode and grid in a region 
of the tube where the ionisation is not intense. 
This type of gasfilled relay has so far not proved 
itself of any practical value, and in_ general 
it may be said that extinction of the arc by grid 
control is not yet feasible. 

The only satisfactory means of extinguishing the 
arc is to reduce the anode voltage to a value below 
the ionising potential for a period long enough to 
allow the recombination of ions, so that on raising 
the anode potential again, the starting of the 
discharge may be once more controlled by the 
negative grid bias. The grid cannot control the 
Starting of the discharge if positive ions are still 
present. This time for the recombination, known 
as the deionisation-time is, in many applications a 
most important characteristic of the gasfilled 
relay. Its value may lie between to and 1,000 
microseconds according to the design of the valve 
and the conditions under which it is operated. The 
deionisation time increases with the intensity of the 
anode current and the gas pressure. 


APPLICATION TO ALTERNATING CURRENT. 


The use of an A.C. anode supply is very 
convenient, for the anode voltage is automatically 
reduced below the ionisation value once per cycle. 
Here the arc strikes during the positive half cycle 
and is extinguished when the positive anode 
potential has fallen to the ionising potential, and 
time is available during the negative half cycle for 
the ions to disperse. There is naturally an upper 
limit to the frequency of the A.C. supply with which 
this repeated control will function, above which the 
duration of the negative half-cycle is insufficient to 
permit complete disappearance of the ions. This 
limiting frequency may be of the order of 10,000 
cycles. The industrial supply frequency of 50 cycles 
is well within the capabilities of the Osram G.T.1. 
gasfilled relay and the deionisation presents no diff- 
culty whatever. The automatic re-setting of this 
gasfilled relay by the use of an A.C. supply offers 
considerable possibilities of practical application 
since it enables the average rectified current to be 
controlled by the value of the grid voltage. If the 
latter is very low, the gasfilled relay will strike 
at a corresponding low anode voltage early in 
the positive half-cycle and current will continue to 
flow until extinction occurs at the end of the 
half-cycle. An increase in the negative bias will 
delay the striking in each cycle until the anode 
voltage has reached a correspondingly higher value, 
so that the quantity of current passing until the end 
of the half-cycle is reached is diminished. This 
retarding of the commencement of the discharge can 
be continued with a further reduction of the anode 
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current until the condition corresponding to peak 
anode voltage is reached. Here the anode current 
flows for only one-quarter cycle. Any increase of 
negative grid voltage beyond this value entirely 
prevents the tube from striking at all. Fig. 10 
illustrates how the current flowing per cycle is 
dependent on the grid voltage. 

A similar control of the average anode current 
is obtainable by the use of an alternating grid 
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(iv) Maximum average anode current : Determined 
by the maximum heat dissipation of the tube 
in continuous operation. 

(v) Grid-control ratio: The ratio of anode volts 
to grid volts at the critical striking conditions. 

(vi) De-ionisation time: The minimum time re- 
quired to allow the ions to disperse in order 
that the grid may regain control. 
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Fig. 10.—-Control of mean anode current by means of grid voltage. 


voltage by varying its amplitude or better still by 
varying its phase in relation to the alternating anode 
voltage. The application of these principles greatly 
enlarges the utility of the gasfilled relay, and 


more will be said of them in the second part of this 
article. 


CHARACTERISTIC RATINGS. 


In the case of the gasfilled grid-controlled 
rectifying valve, there are six important factors, 
viZ.:— 

(1) maximum peak reverse voltage. 

(11) maximum peak forward voltage. 

(111) maximum peak anode current. 

(iv) maximum average anode current. 

(v) grid control ratio. 

(vi) de-ionisation time. 

The ratings (ii), (v) and (vi) apply only to the 
gasfilled relay, while the other ratings are also appli- 
cable to the gasfilled diode. The significance of some 
of these ratings has already been explained, but it 
will be well to summarise them here. 

(1) Maximum peak reverse voltage: The highest 
instantaneous anode voltage which the tube 
will withstand in a direction opposite to that 
in which it normally passes current. 

(1) Maximum peak forward voltage: The highest 
instantaneous anode voltage which can be 
applied to the tube and be prevented from 
Starting a discharge by a suitable grid voltage. 

(11) Maximum peak anode current: The highest 
instantaneous current permissible in order to 
avoid destruction of the cathode. It 1s also 


subject to limitations imposed by the heating 
of the tube. 








Fig. 11..-The Osram G.T.1 gasfilled relay. 


THE G.T.1 GASFILLED RELAY. 


The new Osram G.T.1 gasfilled relay is a 
typical gas discharge valve which has recently been 
developed in the Research Laboratories of the 
General Electric Company. This is a small indirectly 
heated mercury vapour valve designed to handle 
anode currents of the order of 0.5 ampere and 
voltages up to 1,000 volts. Its approximate rating is 
as follows :— 

Cathode heater, 4V. 1.3A. 


Cathode heating time. 30 seconds minimum. 
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Anode volts. Maximum peak reverse 1,000V. controlling circuits rated at several hundred watts. 
Anode volts. Maximum peak forward 1,000V. The uses to which it may be applied will be 
Anode current. Maximum peak 0.6A. described in Part II of this article. 
Anode current. Maximum average 0.3A on -38.$—_—— sie 
resistance load. SIRS es wee | 
Grid control ratio. 25 approximately. oT ‘game Sian eae 
Cathode-anode volt drop. 15 volts approximately. cae 
This gasfilled relay is fitted with a _ standard J‘ 
5-pin valve base, the connections corresponding pe ale 
exactly to those in the ordinary indirectly-heated = 
wireless valve. 6 -15} — 
Fig. 11 shows the G.T.1 gasfilled relay and 2? 
its control characteristic is shown in fig. 12. 2-10 
The small size of the bulb in comparison to r. eee 
its capabilities serves to illustrate one of the chief ee OR Bee ee 
, | | | | 
advantages of the gas-discharge valve over the high- ° RBRR SIRT ayes ve: CR ES as 
vacuum valve. It is unnecessary to use large © 100 200 300 400 500 600 700 800 900 1000 
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electrodes and a large bulb, because the power 
Fig. 12._-Osram G.T.1 gasfilled relay grid control 


dissipated in the valve is comparatively small. 


characteristic. 
Thus, in the type G.T.1, at the continuous rating of 
o.3A anode current, the anode dissipation amounts The G.T.1 gasfilled relay is the forerunner 
only to about 5 watts on account of the low voltage of a number of larger types in the course of 


drop of 15 volts, yet this small yalve is capable of development. 


[To be continued.}| 





Generating Plant for Rhodesian Copper Mines. 

















Two 7,000 kW G.E.C.-Fraser & Chalmers high pressure turbo-alternators installed in the 
power house of the Mufulira Copper Mine, Rhodesia. 
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Electrical Equipment and Mining Plant 


at Mount Isa Mines. 


By A. B. CAPE, Engineering Dept., Witton Engineering Works, 


and 


A. L. G. LINDLEY, Winding Engine Dept., Fraser & Chalmers Engineering Works of the G.E.C. 


| OUNT ISA Mines are situated in North- 
Y West Queensland, Australia, at the terminus 

of a railway line which runs 600 miles west 
from Townsville, the nearest port. Mount Isa, 
itself, is 1,200 feet above sea level and contains 
one of the largest silver, zinc and lead ore deposits 
in the world. Its climate, while delightful in winter, 
is semi-arid with a shade temperature in the summer 
reaching 115 degrees F. The surrounding district, 
figs. 1 and 2, consists of ranges of low hills 


and narrow valleys, through one of which runs the 





Fig. 1. 


River Leichardt separating ““Mount Isa Town” from 
the Mines and “Isa Mines Town,” the two towns 
being about a mile apart. 

The ore deposit, which is of comparatively 
recent discovery, having been located about seven 
years ago, has proved ore amounting to approxi- 
rately 30,500,000 tons. The ore occurs in sediments, 
mainly shales, and appears to consist of a number of 
lenses, more or less parallel to one another. Two 
classes of ore bodies exist, high-grade and low-grade, 
the former being represented by Rio Grande, Mount 
Isa and Black Rock, and the latter by large deposits 
of low-grade Black Star lode. 


High-grade ore forms a mineral belt which 
extends the full length of the property, a distance of 
2} miles. Although only two ore bodies in this 
belt are being developed—the Black Rock and Rio 
Grande—ore is known to outcrop at a number of 
other points, and undoubtedly, further exploration 
will bring to light a number of new ore-shoots. 

The lower grade of lode, Black Star, lies parallel 
with the high grade belt, about 1,000 ft. west. 
Several drill holes have already shown new parallel 
ore lenses. 


x, 


General view of the mines and surrounding country. 


An extract from a progress report by the Technical 
Committee of The Mining Trust, Ltd., gives the 
following summary of ore reserves to August 1930 :— 


CARBONATE ORE. 


Tons. Lead Zinc Silver 
ay A Oz. 
Rio Grande 200.000 15.8 9.2 
Black Rock 120,000 24.4 - 10.6 
Mount Isa 100,000 12.0 4.4 
Black Star 3,180,000 8.3 3.0 
SULPHIDE ORE. 
Black Star high-grade 12,779,000 8.0 9.0 4.9 
Black Star low-grade 11,522,000 4.8 6.6 2.6 
Black Star foot wallveins 2,153,000 8.6 10.9 +f 
Kio Grande to 500tt 500.000 15.0 t.0 15.0 
TOTAL 


30,554,000 
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PROGRESS AND DEVELOPMENT. 


It was early recognised in the development of the 
Mines that to work such a large deposit of low- 
grade ore economically would require the most 
up-to-date methods and large scale workings, in- 
volving a comparatively high capital expenditure 
before actual production could begin. Great credit 
is due to the wonderful foresight and faith of 
Mr. Leslie Urquhart and those who, with him, had 
the courage to undertake so great a venture. 
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sufficient to accommodate the buildings necessary 
for men and supplies, such as Change House, Drill 
Shops, Timber Shops, etc. It was therefore 
decided to sink a man-and-supply shaft about 
2,000 feet north-west of the main haulage shaft. 
Haulage drives connect these two shafts and the 
main ore bodies at a level of about 350 feet below 
the collar of the man-and-supply shaft. 

The chief ore body, Black Star lode, is worked 
mainly by “glory holes’ and by caving; a full 
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Fig. 2.—Map of district showing position of shafts and mining plant. 


The development work showed that the newly 
discovered ore bodies were so located that they 
could be worked more economically as one big mine 
rather than as several small ones, with a consequent 
reduction in shaft and transport cost. The land was 
therefore surveyed to fix the main haulage shaft at 
the most advantageous point for all bodies, having 
regard also to the location of the mill, smelter and 
railway. 

The position finally selected was on the top of a 
hill which looked down on to the railway sidings and 
was sufficiently high to ensure a gravitational flow 
for the majority of the processes involved. Un- 
fortunately, the area on top of the hill was in- 


description is given by Mr. Chas. A. Mitke in the 
“Engineering and Mining Journal’ of December rst, 
1929. 

The chief problems confronting the Company 
were the provision of accommodation for its person- 
nel, an adequate supply of water, and a power 
supply as cheap as possible. The difficulties of 
housing the staff and employees have successfully 
been surmounted and houses have been constructed 
for married men with families, and dormitories for 
single men, sufficient to accommodate all employed 
by the Company at Mount Isa. The “Isa Mines”’ 


township possesses an up-to-date hospital with 
two doctors and a dentist, a club with a library, 
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reading rooms, billiard room, dry bar and tea 
rooms, and a barber’s shop. There are also a school 
and a community store which competes with city 
prices 1,500 miles away. In all the houses good 
water is available; lighting is by electricity and 
Sanitation is effected by means of septic tanks, 
while the houses are all netted against flies. The 
community is an enterprising one and already 
possesses a golf course, cricket, rugby and association 
football leagues, a band and choral society and a 
cinema. 





Fig. 3._-Fans for pulverized coal injection, 
driven by pipe-ventilated motors. 


WATER AND COAL SUPPLIES. 


Until 1928 the district had suffered what was 
virtually a seven years drought, and the difficulty of 
obtaining and maintaining an adequate water supply 
was very acute. To obtain a really permanent water 
supply, bores were sunk to a depth of 200 feet, and 
are capable of giving 50,000 gallons of water per 
day. In addition, a dam has been constructed across 
a valley at Rifle Creek, where the reservoir so formed 
is filled by a large catchment area and holds 1,300,000 
gallons, the water being conducted to Mount Isa by 
means of a 12in. pipe line about 20 miles long. 

Water was encountered in the sinking of the 
mine shafts and at one time nearly 2,000,000 gallons 
per day were being pumped away, but it is antici- 
pated that a regular supply of nearly 500,000 gallons 
per day will be taken from this source which, 
though not fit for domestic use or boiler feed water, 
will be stored and used for mill and smelter process 
work. 3 

As power is derived from coal which has 
to be transported some 600 miles, it became im- 
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portant to economize on coal by the use of high 
efficiency power plant. There is a storage capacity 
of 5,000 tons, sufficient for two months supply. 


STEAM RAISING PLANT. 


The boilers, which were supplied by Messrs. 
Babcock and Wilcox, are of the water tube type with 
a heating area of 80,000 sq. feet and burn 
pulverized coal. The coal is fed to the bins by an 
elevator through an automatic weighing device. 
From the bins the coal is taken to the pulverizing 
plant, and is then injected into the boilers by means 
of fans driven by pipe ventilated motors, fig. 3. 
Forced draught is provided for the boilers, the fans 
for which are shown in fig. 4. 


POWER PLANT. 


Steam is supplied to two 5,000 kW, 3,300-volt, 
3,000 r.p.m., G.E.C.-Fraser & Chalmers  turbo- 
alternators, figs. 5 and 6, at 270 lbs. per sq. inch and 
superheated to 750° F. Steam is bled for heating 
the evaporators supplying feed water to the boilers. 
Each alternator has an enclosed air cooling system 
provided with water cooled radiators, while the 
turbine and boiler auxiliaries are provided with 
alternative steam and electrical drives in order to 
avoid the possibility of a “‘shut down’’ due to the 
failure of either form of drive. 

It is calculated that under the present output 
conditions of 2,000 tons of ore per day, the power 
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Fig. 4.—Forced draught fans, showing driving motors 
and starting gear. 


demand will be within the capacity of one of the 
two 5,000 kW sets, so that the spare set, cables and 
switchgear ensure a permanent uninterrupted power 
supply. In the remote contingency of a power, 
failure, however, the mine has sufficient Diesel 
engine equipment to maintain pumping and ventil- 
ation of the mine. 


ORE TRANSPORT. 


The underground transport of ore is effected by 
means of electrically driven trains which run “‘down 
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grade”’ when loaded. The locomotives are capable 
of drawing 100 tons each trip and are fed by trolley 
from a 500-volt D.C. supply which is taken down 
the man-and-supply shaft from two motor-generator 
sets, fig. 7, installed in the compressor sub-station, 
fig. 8. The trains deliver their loads through suitable 
screens into an ore pocket of 600 tons capacity. 


HOISTING PLANT. 


As previously mentioned, two main hoisting 
equipments are installed for ore and man-and- 
supplies respectively. The former is 
of the double drum type, while the 
latter has only a single drum divided 
into two compartments. The follow- 
ing table gives the principal data for 
both hoists. 


Ore Hoist. 
Nett load .. we 7 tons 
Max. depth .. 1,315 ft. 
Drum diameter +s 11 ft. 


Rope speed .. 
Output/hour 
Motor rating 


1,900 ft. per min. 
385 tons per hour 
1,500 h.p. 


Motor speed 480 r.p.m. 
Man Hoist. 

Nett load 50 men 

Max. depth .. bs 950 ft. 

Drum diameter “ 11 ft. 


Rope speed 
Output/hour 
Motor rating 
Motor speed .. 


800 ft. per min. 


220 h.p. 
650 r.p.m. 





Fig. 5..-Governor end of one of the two 5,000 kW. G.E.C.-Fraser & Chalmers, 
3,300-volt, 3,000 r.p.m., 3-phase, 50 cycle turbo-alternators. 


Both hoists are controlled on the Ward-Leonard 
system, the ratings of the motor-generator units 
being as follows :— 


Ore Hoist. 
Motor os s¢ 1,200 h.p., 3,300 v.., 
740 r.p.m. 
1,100 kW, 0/500 v 


Man Hoist 
230 h.p., 3,300 v., 
765 r.p.m 


(,enerator 150 kW, 0/500 v 


The motor-generator of the ore hoist, fig. g, is so 
arranged that at a future date a flywheel may be 
added to enable Ilgner control to be adopted. 


The mechanical construction of the hoists them- 
selves embraces many new features in winding 
engine practice. One of the most important of these 
is the system of automatic control which will be 
described later in this article. 


ORE HOIST. 


Of the two drums on the ore hoist, which is 
illustrated in figs. ro and 11, one is fixed while the 
other is loose on the shaft and is driven through a 
multiple external tooth clutch, sliding on quadrant 
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; Fig. 6.—View from the 
~ alternator end. 


pieces formed on the drum shaft, and 
operated by a compressed air engine 
controlled by a hand lever on the 
driver’s platform. Both drums have 
cast steel cheeks and shells, made in 
halves, the joints in the cheeks and 
shells being positioned at go degrees 
apart. Special consideration was 
given to the design of the shells bear- 
ing in mind that they have to carry 
two layers of rope. A spiral grooving 
was adopted and a specially shaped 
cam is arranged at the end of the 
drum to lift the rope from the first 
layer to the second. As the positions 
of the cams have a definite relation to 
the grooving, it was possible to cast them in one 
with the inner drum cheeks. 

The brake paths are cast in one with the outer 
cheeks and are of the ventilated type having mild 
steel treads. A special system of ventilation is 
employed which increases the cooling efficiency, 
the spaces under the brake path being given a spiral 
formation. The eddying air currents thereby 
produced at the sides of the path tend to increase the 
air circulation through the spaces. 
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The loose drum cheeks are fitted with bronze 
bushes which are made in halves and can easily be 
withdrawn and replaced without disturbing any 





Fig. 7..-Motor-generator set in Compressor House, 
supplying power for underground locomotives. 


other part of the drum. Following 
modern practice, the fixed drum is 
keyed to the shaft with tangential 
keys. 

The drumshaft is carried in 
four bearings, one being interposed 
between the drums. Both drum- 
shaft and pinion shaft bearings 
are of the ring oiling swivelling 
type, the shells being lined with 
white metal. Double helical gears 
having machine-cut teeth are 
employed to transmit the drive and 
are coupled to the motor through 
a pin type flexible coupling. 

Each drum is equipped with a 
set of brakes which are of the con- 
ventional straight post type and are 








Fig. 9.--1,100 kW Ward-Leonard set for ore hoist, 
3,300-volts, 740 r.p.m. 
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independently operated by compressed air engines, 
which are in turn controlled by two hand levers 
from the platform. The brake engines are of the 
differential gravity type, in which the actual braking 
force is proportional to the difference between the 
total air pressure in the cylinder and the dead 
weight. A variable pressure balanced floating 
piston valve is embodied, the air pressure corres- 
ponding to the position of the driver’s hand lever. 
These engines are also provided with “slow braking”’ 
mechanism, in which the rate of application of the 
brakes is reduced during the full speed part of the 
wind. This is accomplished by throttling the 
exhaust from the engines during this period, timing 
and control being automatically carried out by a 
cam driven from the drums. 

Mention must be made of the improved type 
Whitmore overwinder which has been installed. 
A new feature of this unit is the landing zone speed 
controller which gives protection against approaching 
bank at a dangerous speed. The deceleration of the 





Fig. 8..-Air compressors driven by 800 h.p., 3,300-volt synchronous 


induction motors at 230 r.p.m. 


winder is governed by the rate of fall of a plunger 
in a hydraulic cylinder. This “rate’’ has a gradually 
decreasing value, and ensures a practically uniform 
deceleration. If the deceleration of the winder 
does not correspond to the predetermined rate, the 
overwind trip is operated and the winder is brought 
to rest. 


AUTOMATIC CONTROL, 


The control of the winder is arranged for either 
manual or automatic working, and represents one 
of the most modern developments in winding 
engine control. 

For automatic working, push buttons are mounted 
at the various levels and at the surface, while to 
change over from automatic to manual control it is 
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only necessary to operate a lever mounted on the 
platform. This action locks the brake levers in the 
“off’’ position and places the brake engine of the 
fixed drum under the control of the solenoid A, 
fig. 12. Virtually, the winder is 
then under the control of one set 
of brakes only, but as the winder 
will be working in balance, and as 
each set of brakes is capable of 
holding the maximum torque of 
the motor, adequate breaking is 
available. 

The push button controls at 
the various points are marked 
“up,” “down” and “‘stop,’”” and 
control of the hoist can only be 
carried out from one point at a 
time, the particular point being 
selected by the setting of a “‘master 
selector switch’’ mounted along- 
side the driving platform. Once 
this switch is set to the desired 
point it is locked in position by a 
responsible person to _ prevent 
unauthorised operation. The 
schematic wiring arrangement of 
the ore hoist is shown in fig. 13, while fig. 12 shows 
the diagrammatic arrangement of the mechanical con- 
trol gear. From these diagrams the sequence of 
operations and general principles outlined in the 
following description will be better appreciated. 

Assuming the hoist has been set for automatic 
operation, and that the skips are in the tipplers, with 
the hoist brakes full on and current switched off from 
the winder motor, the hoist is started by pressing the 
“up” button at the appropriate level. This starts 
a servo motor which is coupled direct to the controller 
and gradually turns it to the full 
speed position. The rate of 
acceleration of the hoist corre- 
sponds to the angular displacement 
of the servo motor so that the 
acceleration of the latter is pre- 
determined to give the correct 
value. 

As the controller is moved 
round by the servo motor, the first 
cam switch to operate completes 
the circuit to the coil of the 
“suicide’”” contactor, which when 
closed supplies sufficient armature 
current to the winder motor to 
enable it to hold the unbalanced 
load. The second cam switch 
operated by the controller com- 
pletes the circuit of the coil of the 
brakes contactor, lifting the plunger 
of solenoid A, fig. 12. This takes 








Fig. 10.—1,500 h.p. ore hoist. 
rope speed, 1,900 ft. per minute; output, 385 tons per hour. 


Fig. 11.—Control platform of ore hoist. 


off the brakes and, due to the air pressure under the 
engine piston, the air operated by-pass switch (b) is 
closed, paralleling the controller cam switch with the 
suicide contactor. 












2 - 


Motor speed, 480 r.p.m., 


Further motion of the controller drum cuts out 
resistance steps in the circuit of the main generator 
field, thereby increasing the voltage applied to the 
winder motor, and increasing the rope speed. As 
soon as the controller has reached the limit of 
its travel, the controller drum opens a cam 
switch which stops the servo motor and declutches 
it. 

The first part of the decelaration period is con- 
trolled in the way usually adopted on Ward-Leonard 
controlled hoists, i.e., by returning the controller 
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to the “off’’ position by means of cams driven from 
the drumshaft. As the speed of the hoist corresponds 
to the position of the controller, the rate of de- 
celeration is governed by the shape of the cams. 
As this could not accurately be predicted, the cams 
were cut to shape on site and the correct form 
determined experimentally to give the desired rate 
of deceleration and to time its commencement at the 
proper point of the winding cycle. 

If reliance were placed on the use of cams for 
stopping, inaccurate decking would result; that is, 
the difference in decking points in any two winds 
would vary considerably owing to the relatively slow 
movement of the cams. To overcome this, the cams 
are made inoperative after the hoisting speed has 
been reduced to about 8 ft. per minute, and the 
hoist is then under the control of definite stops 
mounted on the cam wheel. 
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Fig. 12. 


At this point of the wind the controller resistance 
steps have been reinserted, and the controller drum 
has opened the cam switch in the circuit of the suicide 
contactor although the latter does not operate until the 
by-pass switch operated by the brake engine has been 
opened. When the decking point is reached, one of 
the above mentioned stops operates an air relay which 
in turn opens a switch in the brake contactor coil 
circuit. The reason for introducing an air relay is to 
ensure definite operation of the switch when a certain 
point in the wind has been reached. As the stop is 
adjustable decking can be made perfectly accurate. 

The opening of the switch in the brake contactor 
coil circuit applies the brakes, which in turn opens 
the by-pass switch in the suicide contactor coil 
circuit, thus taking all torque from the winder 
motor after the brakes are applied. 
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The cage is protected by the immediate applic- 
ation of brakes in the event of :— 

(1). Overwind .. By the “Whitmore”’ over- 

winder. 

(2). Overspeed .. By the centrifugal trip. 
(3). Overload .. By overcurrent trip. 

(4). Air failure .. By an air operated trip. 
(5). ‘‘Emergency stop’’ By hand-operated push 

button trip. 

By the immediate opening 
of the main oil switch and 
the consequent tripping of 
the “‘brake solenoid. 

In addition to these safety arrangements, pro- 
tection is given against the “bottoming’’ of the 
pistons in the brake engines. This is an impor- 
tant feature where automatic control is concerned 
as there is seldom anyone in the hoisting room 
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(5). Current failure 














Diagram of ore hoist controls. 


to report when the brakes require adjustment, 
and if the pistons bottom, the brakes cannot be 
applied fully. The protection takes the form of 
switches placed in the trip circuit and mounted on 
the brake engine in such a way as to open before 
the pistons reach the bottom of the stroke. 

Protection is also given against a skip sticking in 
its guides. In the event of a skip “hanging up”’ at 
the top of the shaft with the skip at the bottom 
unloaded, the unbalanced load due to hoisting the 
bottom skip would be insufficient to operate the 
over-current trip, and the hoist would pay out slack 
rope. To prevent this, a switch in the safety circuit 
is so arranged that it will operate if the sag of the 
rope exceeds a given value. 

The operation of the “‘down’’ button is similar 
to that of the “‘up’’ button. If the cage is at the top 
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of the shaft, the “up’’ button is out of operation ; if 
at the bottom, the “‘down’”’ button is out of operation, 
Pressing the “stop” button will operate the emér- 
gency trip and bring the hoist to rest relatively 
slowly under the action of “slow” braking. The 
trip mechanism must then be reset from the driver’s 
platform by a responsible person before the hoist 
can be restarted. It is then only necessary to 
operate the “up” or “down” button as required. 

Similarly, in the case of changing levels, the 
adjustment must be made from the platform, after 
which the hoist can be operated as required. 





+ EXCITER POSITIVE 


83 


The gears are of the double reducing type, the high 
speed side having a double set of wheels and pinions 
of different ratios, giving alternative speeds. 

Each hoist is completely equipped for manual 
operation, and is fully protected against faulty 
control. In the event of the driver collapsing 
through illness, the cage, having been started on a 
trip will continue until the deceleration cams take 
control ; these will slow down the hoist to a creeping 
speed until the cage engages with the overwinding 
trips and comes to rest. The driver has also by his 
side an “Emergency Stop’’ push button. 
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Fig. 13.—Schematic wiring plan of electrical control equipment for ore hoist. 


MAN-AND-SUPPLIES HOIST. 


The foregoing description of automatic control 
applies to the ore hoist, but the control of the man 
hoist is similar in principle, although a little simpler 
on account of the single drum (figs. 14 and 15). 
The man hoist has only one cage, balanced by a 
counter-weight. 

In addition to the push buttons mounted at the 
various levels, the cage itself is provided with a set 
which are operated in a similar way to the others. 
The cage is also provided with a telephone which is 
connected through to the hoist room. 

The driving gears of the man hoist are provided 
with a two speed combination of special design. 


ORE HANDLING PLANT, 


The skips are loaded from the ore pockets through 
a bank of two pneumatically operated charging 
doors. These are arranged at the foot of the pocket 
and the opening of the first door allows the ore to 
flow until it meets the second door. The first door, 
which is of the under-cutting type, is then closed, 
and the second opened, allowing the ore to flow into 
the skip. A system of interlocking is installed to 
prevent both doors being opened simultaneously. 

The skips, which are of the self-dumping type, 
have a capacity of 7 tons, and discharge into a 1,300 
ton bin. At the point of discharge a pneumatically 
operated two-way gate is provided so that when 
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waste rock is being hoisted, it is by-passed away from 
the bin to the waste rock chute. A pan conveyor takes 
the ore from this “‘run of mine’’ bin to the primary 
crushing plant which consists of two 24in. by 36in. 
Fraser & Chalmers sledgers. These crushers, illus- 
trated in fig. 16 are specially constructed for heavy 





Fig. 14.--150 kW Ward-Leonard set for man-and- 


supplies hoist. 
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A belt conveyor takes this material and also the minus 
sin. from the screen to the fine ore storage bins over 
which it is distributed by a shuttle conveyor. 

The fact that there are two kinds of ore-carbonate 
and sulphide requiring different treatment, makes 
it necessary to handle, crush and store them separ- 





Fig. 16.—-Primary ore crushing plant, comprising 
two 24” by 36” Fraser & Chalmers crushers. 
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Fig. 15... 220 h.p. man-and-supplies hoist. Motor speed, 650 r.p.m.; 
rope speed, 800 ft. per minute. 


duty, and are provided with water-cooled bearings. 
The ore is fed to them over 6in. spaced grizzleys, the 
undersize from which joins the product from the 
crusher and is taken by a belt conveyor to a 5in. 
grizzley in series with a rin. and jin. mesh screen. 
Material plus jin. is fed to a sorting belt, the sorted 
ore being conveyed by trucks direct to the smelter, 
and the remainder to the secondary crushing plant. 
This comprises two 5}ft. Symons cone crushers illus- 
trated in fig. 17 which reduce the ore to $in. and under. 


ately. The fine ore bins are therefore divided into 
carbonate and sulphide ore bins. 


GRINDING AND CONCENTRATING PLANT. 


The grinding and concentration plant comprises 
three units each having a capacity of 500 tons per day. 
Two of the units treat the carbonate ore and the 
third treats the sulphide ore. 

A simplified flow sheet of one of the carbonate 
ore units is given in fig. 18 from which it will be seen 
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that the ore is taken from the appropriate fine ore 
bin by a belt conveyor arranged with automatic 
weighers and fed to the 8ft. Hardinge ball mill 
illustrated in fig. 20. 

The ore is wet ground and the discharge from 
the mill is pumped to two 30 mesh screens. From 


the spigot discharge from which is fed to a 12ft. bowl 
classifier in closed circuit with a second 8ft. 
Handinge ball mill for reduction to 60 mesh. 
FLOTATION PLANT. 


A thickener receives the overflow from the cone 





Fig. 17.—-Secondary crushing plant, comprising two 
54ft. Symons cone crushers. 


Fine ore bins. 
Belt conveyor. 
Two 8 x 60” Hardinge 
Ball Mills. 

Do. 
Four 30-mesh screens. 
Ten Deister tables. 
12’ Dorr bowl classifier. 
Dewatering cone. 
Two Genter thickeners. 
10. Four contact tanks. 
11. Four15’ McIntosh Cells. 
12. Do. 
13. Two contact tanks. 
14. Twol15’ McIntosh Cells. 
15. Do. 
16. Three 15° McIntosh 
Cells (cleaners). 
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Fig. 18.—-Simplified flow sheet of carbonate ore unit. 


there the oversize ore gravitates back to the mill for 
re-grinding and the undersize flows to ten con- 
centrating tables, the concentrates being transferred 
to a thickening plant, while the middlings are passed 
back through the screens for re-treatment on the 
tables. Tailings are pumped to a dewatering cone, 


Fig. 19.—-Motors driving hot air fans for sintering 
plant. 


and classifier, the thickened product being pumped 
to four contact tanks to associate the ore with the 
re-agent required for flotation. For each carbonate 
unit fifteen 15ft. pneumatic cells are provided and 
are divided into a first series of 8 units, a second 
series of 4 units and finally three cleaners. These are 
sub-divided into primary and secondary units. 

The ore is fed from the contact tanks to four 
primary cells, the float product being removed as 
concentrate. The sink product is fed to four 
secondary cells, the float from which is pumped back 
to the contact tanks for re-treatment, while the sink 
product from these cells is pumped to a second 
series of contact tanks after which the ore is again 
treated in the manner described, but in the second 
series of flotation cells. The sink product from 
these is taken to the three cleaners from which the 
float is pumped back to the first series contact tanks 
for re-treatment, and the sink is taken to the tailings 
dam. 

In the case of the sulphide ore the treatment is a 
little different, partly on account of the zinc content 
which requires different flotation re-agents from that 
of the lead sulphide. 

The grinding plant is similar to that previously 
described except that all the ore is ground to 100 
mesh, and there is no table concentration. All the 
minus 30 mesh from the first mill is ground in the 
second mill which is in closed circuit with a 12ft. 
bowl classifier. The overflow from the classifier is 
taken to a thickener as in the case of the carbonate, 
the thickened product being pumped to the first 
series flotation plant. For floating the lead sulphide, 
or galena, the re-agents are different, but otherwise 
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the treatment is the same. The first sink product 
from the first series of cells is pumped to the second 
flotation plant where yet another class of re-agents 
is used and the zinc content of the ore is floated. 
From these cells the final sink product is taken to 





Fig. 20._-8ft. Hardinge ball mill, showing driving motor and control gear. 


two cleaners, from which the float product is pumped 
back to the zinc contact tanks for re-treatment. The 
sink from the cleaners is taken to the tailings dam. 

There are now three products—lead carbonate 
and sulphide and zinc concentrate. The zinc 






Fig. 21... Fraser & Chalmers rectangular type 
blast furnace. 


concentrate 1s thickened and pumped to the zinc stock 
bins, after which no further treatment is made. The 
two lead concentrates are mixed and thickened in 
Genter thickeners and then pumped to stock tanks at 
the smelter site where the concentrate is treated in 
two Dorr filters, after which it is fed to the mixing 
plant. This comprises special mixing screw conveyors 
which mix the concentrate with fine crushed limestone 
and slag, also flue dust and sinter fines. 
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SINTERING AND SMELTING PLANT. 


The mixed product is then taken by a belt 
conveyor to three 3ft. 6in. by 33ft. sintering machines 
where there is sufficient sulphur in the ore to enable 
combustion to continue once it is started and produce 
the sinter, air for which is supplied by 
fans, fig. 19. The final sinter is trans- 
ported by a pan conveyor to the top 
of the storage bins where the fines are 
screened out for re-sintering and the 
large sinter is distributed by a steel 
band conveyor to the appropriate 
bins: These bins form part of a 
battery of smelter feed bins in which 
the coke, limestone and iron ore are 
also stored. They are charged from 
belt conveyors, the material first of 
all passing through a 25in. by 12in. 
crusher which reduces it to the 
required size. Charging cars run 
under the bins and receive the 
required proportion of sinter, coke, 
limestone and iron ore. The cars 
have each a capacity of 12,000 Ibs. 
and are of the automatic weighing, 
bottom discharging type, electrically 
driven. They run directly over the tops of the blast 
furnaces into which the charge is released. 

The blast furnaces, one of which is shown in fig. 
21, are of the rectangular type measuring 48in. by 
10o8in. They are water jacketted from the bottom to 
within 4ft. of charging level, the blast air being 
obtained from Roots blowers. 

The lead is taken from the furnaces by lead 
pots to three 60-ton refining kettles where the 
silver in the lead is recovered. This recovery is 
carried out by the Parks process in which metallic 
zinc is added to the lead; the silver dissolves in the 
zinc, forming an alloy which floats on the surface. 
This is then skimmed off and pressed in a press to 
remove the surplus lead, after which the zinc is 
volatised in a bullion furnace leaving the silver 
bullion. 

The whole of the electrical equipment (with 
the exception of the high tension switchgear 
and transmission, the “‘Cottrell’’ plant and the 
underground locomotives) were supplied by 
The General Electric Co., Ltd., while the hoists, 
ore loading equipment, crushing and milling plant, 
blast furnaces and slag cars were supplied by 
the Fraser & Chalmers Engineering Works of the 
G.E.C. 

In conclusion the authors wish to express their 
indebtedness to Mount Isa Mines Limited for per- 
mission to publish certain of the foregoing information 
and to Mr. J. M. Callow, President of General 
Engineering Co., who was responsible for the design 
and lay-out of the surface plant. 














Industrial Electric Heating. 


PART IV.—THE HEAT TREATMENT OF STEEL. 


By VERDON O. CUTTS, : 


Industrial Heating Dept. of The General Electric Co., Ltd. 


I eadad« specifica- 


tions of steel are becoming 

continually more stringent 
and precise, calling not only for a 
closer compliance with prescribed 
analyses and physical tests, but 
also, in an increasing number of 
instances, for a bright finish. 
Manufacturers have been quick 
to realise that bright annealing 
frequently ensures a superior pro- 
duct at a reduced overall cost of 
production. Where oxidation or 
scaling is avoided there is a 
consequent economy in material 
and labour, and the finished 
material is more uniform and precise as regards its 
dimensions. 

The period during which this demand for bright 
annealing has grown, has coincided so closely with 
that in which the advantages of electric furnaces 
have been more fully appreciated, that the manu- 
facturer has naturally looked to the electric furnace 
designer for the solution of his problem. As the 
result of a considerable amount of research work, 
several processes have been developed which give 
not only a really bright finish but also the precision 
and uniformity of anneal which are characteristic of 
electric heating. Admittedly, none of these processes 
is suitable for universal application, but it is rarely 
necessary for any one installation to be suitable for 
more than a restricted range of work. There are now 
a large number of electric bright annealing install- 
ations working under ordinary workshop conditions 
which are proving thoroughly successful from both 
a metallurgical and an economic point of view. 


and 3. 


PRIMARY CONSIDERATIONS. 


The primary consideration for bright annealing 
is control of furnace atmosphere. In all fuel-fired 
furnaces, other than those of the true muffle type, 
the atmosphere contains products of combustion 
which are not conducive to bright annealing. It is 
not only the free oxygen within the furnace chamber 
which causes scaling; carbon dioxide and water 
vapour are active oxidising agents which usually 
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In this, the fourth article of a 
series, the author outlines the 
processes involved in the bright 
annealing of steel and other metals 
and alloys in electric furnaces, 
with special reference to the 
Grunwald system. 

Previous articles dealing with 
the heat treatment of steel will 
be found in the G.E.C. Journal, 
Vol. I. No. 3, Vol. II. Nos. 1 


prove far more inimical to bright 
annealing than the free oxygen. 
It frequently happens that an 
oxidising atmosphere has also a 
decarburising effect on the surface 
of the steel; this is quite as 
harmful as scaling, since the sur- 
face is rendered soft and unsuitable 
for the purpose for which it is 
intended. 

Before turning to a consider- 
ation of the methods adopted for 
bright annealing in the electric 
furnace, it should be remarked 
that the term “bright annealing”’ 
1s often misapplied and is variously 
used to describe annealed finishes ranging from really 
bright, to dull, discoloured or slightly oxidised 
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Fig. 1.—Diagrammatic section of Magnet vertical 


cylindrical electric furnace specially adapted for 
carrying out the Griinewald process. 


REFERENCE TO NUMBERS: 


1. Cast base plate. 5. Pyrometer sheath 
2. Nickel chromium suspension rods. 6. -Valve. 

3.— Thermally insulated cover. 7.—Pirebrick lining. 
4.—Light Grunewald annealing pot. 8. Heating elements, 


9.—Thermal insulation. 
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surfaces. This is an important point because for 
some classes of work such a difference in finish 
might affect both the choice of process to be 
adopted and the cost of the annealing process. 

The earlier attempts at bright annealing in 
electric furnaces followed the old-fashioned and well 
known practice of packing the pieces to be annealed 
in heavy boxes filled with borings, but the cost of 
electrical energy required to heat ip the considerable 
weight of extraneous material (heavy boxes and 
packing) proved prohibitive. If boxes and packings 
are dispensed with and the work carried out in a well 
sealed electric furnace, bright annealing is not 
obtained, although the amount of free oxygen present 
is so small as to cause only a slight scaling. 

There are a number of variations of the box 
annealing process in use, comparatively light boxes 
and covers being used with sand, ground mica or 
other solid inert or non-reducing refractory materials 
as packing. In other instances, finely ground and 
heat-treated anthracite mixed with finely divided talc 
serves as packing, or oxygen-excluder, with very good 
results. 

Most of the other processes which have been 
developed for bright annealing rely upon devices 
for maintaining artificial gas atmospheres within an 
electric furnace chamber or within a covered box 
which 1s heated electrically. Hydrogen, mixtures 
of hydrogen and nitrogen, and other mixtures of 
gases which are readily available are being used with 
varying degrees of success. The use of gas in this 
manner is to be avoided wherever possible on the 
score of economy and convenience. 





Fig. 2.-Base plate partly loaded. 


Some years ago, as the result of considerable 
experience, it was established that, provided the 
charge is heated in a totally closed chamber, bright 
annealing could be obtained by providing protection 
against oxidation during the cooling period only. 
This, however, must be carried out thoroughly if it 
is to be effective. Different inert gases were tried as 
protecting media during the cooling period, but 
little progress was made. It was not until Grunewald 
applied what is really the principle of the 
fruit preserving jar to the electric annealing furnace 
that a thoroughly reliable plant and process was 
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developed. Instead of using an inert gas as an 
oxygen excluder during the cooling period, 


Grunewald provided a means of sealing the annealing 
pot and rendering it airtight when at full annealing 
temperature and before the beginning of the cooling 
period. In this manner a thorough and uniform 





Fig. 3.—View showing assembly Fig. 4.—-Coils of wire 
of cover, suspension rods ready for lowering 
and base. into annealing pot. 


anneal is assured with a really bright untarnished 
finish ; the process is very economical, working with 
a low current consumption and being independent 
of skilled labour and supervision. 


THE GRUNEWALD BRIGHT ANNEALING PROCESS. 


The Grunewald process is primarily intended 
for the bright annealing of strip and wire in coils or 
on spools, but is also suitable for treating small parts 
which may be contained in light metal baskets or 
pans which conform in shape or general contour to 
that of one of the standard Grunewald pots. In 
addition to iron and steel, it is extensively used for 
the bright annealing of nickel, copper, brass and 
other non-ferrous metals and alloys. A range of 
standard Magnet vertical cylindrical electric furnaces 
with special annealing pots and auxiliary equipment 
has been perfected for this purpose. 

A diagram is given in fig. 1 showing a section 
through one of these furnaces which 1s_ specially 
adapted for carrying out the Grunewald process, 
with annealing pot, base, suspension rods and 
other features peculiar to this process clearly 
marked. The following is a brief description of 
the process as applied to coils of strip or wire. 
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The material to be annealed is stacked up on a 
cast base plate as shown in fig. 2. The annealing pot 
cover is lowered over the charge and the suspension 
bars which depend from it are attached to the base 
plate in the manner shown in fig. 3. Two charges 
with covers and suspension rods in position are 














Fig. 5.—Strips loaded 
on base plate with 
cover in position. 


Fig. 6.—Griinewald 
annealing pot with cover 
ready for the furnace. 


shown in figs. 4 and 5. The charge is then placed 
within the annealing pot, fig. 6, care being taken 
with the clamps between pot and cover to ensure an 
airtight joint. This sealing is effected by means of a 
water-cooled rubber ring. The loaded pot is then 
lowered into the furnace (fig. 7). 

As the pot and its contents are heated, a consider- 
able portion of the air is expelled through a valve 
due to expansion and to the vaporisation of oils and 
grease which have adhered to the charge during the 
previous drawing or rolling operation. There is 
consequently no traceable atmospheric oxygen 
present in the pot when the charge reaches the 
annealing temperature. 

There is, of course, a progressive decrease in the 
rate of expansion of the air as the temperature rises 
until, towards the end of the heating period, the 
valve is able to close automatically. Owing to the 
effective method of sealing the pot and to the 
functioning of the valve in the cover, the charge is 
cooled within a partial vacuum without any possibility 
of oxidation or scaling. When sufficiently cool, the 
charge is lifted out of the pot on its base plate, 
releasing the cover and its suspension rods to be 
attached to another loaded base plate. 


As might be expected, this elementary method is 
quite effective in maintaining the brightness of the 
annealed articles. There are, however, a number 
of outstanding features of this process which 
distinguish it from others designed for the same 


purpose. 


UNIFORMITY OF ANNEAL. 


It is just as important that a bright annealing 
process should be capable of ensuring a perfectly 
and uniformly annealed product as it is that the 
material treated should be free from oxide or scale. 
To achieve this it is essential that every part of the 
strip or wire in a charge should receive the same 
heat-treatment. Two temperature curves obtained 
sumultaneously on a furnace having a capacity of 
I-ton per charge are shown in fig. 8. Curve A 
shows the temperature outside the annealing pot 
and curve B the temperature in the centre of the 
coils forming the charge. It will be apparent that 
if the heating is continued until the two curves 
meet, there must be a thorough and uniform dis- 
tribution of heat throughout every part of the 
charge. This ensures uniform annealing. 

Another interesting feature is, that since the 
weight of the charge is carried by the nickel-chromium 
suspension rods and since the annealing pot does not 


[7 





Fig. 7.._Magnet vertical cylindrical electric furnace 
with bright annealing pot and cover (Grunewald 
system). 


stand on the bottom of the furnace but is suspended 
from above, the pot need only be sufficiently strong 
to carry its own weight. This is very important 
because it enables pots which are comparatively very 
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thin to be used, thereby reducing the weight of 
extraneous metal to be heated. The effect of this is 
to reduce the energy consumption per charge by 
from I5 per cent to 25 per cent according to the 
nature of the material being treated and the working 
temperature. Less time is required for heating and 
consequently a greater output can be obtained from 
the same amount of furnace space. 


DEGACES CENT. 


TEMPERATURE 


TIME 


May, 1932 


contra-flow recuperative trench is not necessary 
in order to obtain the economies of recuperation. 
Approximately equal results are secured by suspend- 
ing heated and cold pots together in a well insulated 
pit, either with or without the disturbance of the 
atmosphere within the pit by means of a fan. The 
desirability or otherwise of disturbing the atmosphere 
is entirely dependent on the annealing schedule 





3 4 


IN HOURS 


Fig. 8... Temperature curves of a 1-ton per charge electric annealing furnace (Grunewald system). 
Curve A shows temperature outside the annealing pot and curve B that in the centre of the charge. 


Many different devices have been adopted in 
connection with this process with a view to obtaining 
the benefits of recuperation. Several installations 
are equipped with contra-flow recuperative trenches 
in which the newly loaded pots pass the heated pots 
and are thereby preheated as they approach the 
furnace proper. The fact that they are preheated 
in this manner causes acceleration of the cooling 
of the pots after they leave the furnace and, conse- 
quently, the time cycle is reduced and the output 
increased. 

Subsequent experience, however, has shown that 
the comparatively expensive construction of a 


which, in turn, is governed by the nature of the 
material being treated. 

Until quite recently it was regarded as an axiom 
that bright annealing, though desirable, was difficult 
of achievement and expensive to obtain. It is 
interesting to note that to-day, a bright annealed 
finish and a better and more uniformly annealed 
product can be obtained at a cost little, if any, 
greater than that of the older method of annealing. 
This is due to the economy with which a vertical 
cylindrical type of furnace works, the relatively small 
weight of the pots, etc., and to the ease with which 
the benefits of recuperation can be secured. 
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Loading Coils for Telephone Cables. 


G. C. MARRIS, B.Sc., M.I.E.E., 


G. R. POLGREEN, B.Sc., A.M.I.E.E. 


and S. V. WILLIAMS, B.Sc. 


Research Laboratories of The General Electric Co., Ltd., Wembley, England. 


HE success of long distance telephony, national 

and international, depends largely on the 
degree of precision employed in the manu- 

facture of (1) underground cables, (2) thermionic 
valves and their associated apparatus, and (3) the in- 
ductance coils known as “‘loading”’ coils added in series 
with the line wires at intervals of about one mile. 
The attenuation of telephone currents in cables 

is due almost entirely to the series resistance of the 
line wires and the shunting capacity between them. 
Heaviside'!) in 1887 showed that this attenuation 
could be reduced by the addition of series inductance, 
which in effect would correct the power factor of 





Fig. 1.—-Loading coil made with new alloy (small coil), 


compared with older type (large coil). 
the circuit; and indeed by making the current 
largely non-reactive over the range of speech 
frequencies, its attenuation characteristics become 
almost independent of frequency over the same 
range. This is essential to ensure the uniform 
transmission of the components of speech and so 
preserve articulation. If unloaded cable is used, not 
only is it necessary to amplify the speech currents 
at much shorter intervals along the line by means of 
so-called “‘repeaters’’ employing thermionic valves, 
but it is also necessary to introduce elements to give 
what is known as “attenuation equalization”; that 
is, the higher frequencies which are most attenuated 
by the cable must be amplified more than the lower 
and to such an extent that the design of the amplifier 
is complicated and larger power outputs required. 
(1) Electrican. Vol. XIX., p. 79. 


The inductance may be added in the form that 
is known as continuous, or Krarup, loading, or by 
“lumped” inductance at intervals. The former is 
attained by covering the wire with a uniform layer 
of magnetic material; the latter (with which this 
article is concerned) by the insertion of inductances 
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Fig. 2._-Cost of cable with loading coils and repeaters 

showing relation between coils and capital cost per 

circuit for cut-off frequency 3,400 cycles per sec. 
on 4-wire circuit 20 Ibs. per mile. 


having cores of ferro-magnetic material. The general 
appearance of such coils is shown in fig. 1. 

Loading coils are universally used for land lines, 
underground and overhead, and on some submarine 
cables, the total number of coils now in use running 
into millions. 

Continuous loading is, however, extensively used 
for submarine telegraph, and to a less extent, 
telephone cables. 

For a particular type of circuit, say a 20 [b., 
4-wire.circuit, it is possible to plot such a curve as 
fig. 2, which shows the relationship between the 
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total cost per mile and spacing of loading coils. The 
relation between the spacing and inductance of the 
loading coils is governed by considerations of the 
transient time of the circuit, the principle formulae 
for which are given in the Appendix. It will be 
noted in fig. 2 that the curve shows a flat minimum 
at about one mile spacing. Somewhat similar curves 
are obtained for other types of speech circuit (music 
and carrier circuits are different), and with so flat a 
minimum, variations in the cost of the component 
parts must be large before they affect the conclusions. 
This accounts for the very common use of a spacing 
of about 1 or 1.125 miles for the loading coils. It 
is necessary in many cases to standardize the spacing 
even if the figure is not the most economical, since 
loading coils must be fitted in the manholes, which 
are a permanent part of the cable duct system. 





Fig. 3. 
insulated nickel-iron particles at high pressures. 


Toroidal cores formed by compressing 


Although it 1s over 40 years since loading was 
suggested, and Heaviside indicated that the best 
material for the inductance coil cores would be finely 
divided iron, it is only in recent years that materials 
have been developed which can be considered 
satisfactory for the purpose, and an account of the 
stages through which development proceeded is not 
without interest. Materials which have been largely 
used are ferro-magnetic wires or tape lapping the 
conductor in continuous loading, or formed into 
toroidal cores for the inductance coils for lumped 
loading. In recent years, however, a great advance 
has resulted from the use of iron or nickel iron 
particles specially prepared, each separately insulated 


and compressed at high pressures into solid toroids. 
Fig. 3. 


CONDITIONS TO BE MET. 


The principal requirements which a loading coil 
must satisfy have become continually more exacting 
with the growth and improvement of long distance 
communications. In the first place, the core must 
introduce enough inductance to compensate for the 
capacity of a length of cable; it can then be shown 
that, to a first approximation, the attenuation of 
current will be in direct proportion to the effective 
resistance of coil and cable at speech frequencies. 
This means, 1n effect, that it 1s not economical to 
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add coils whose resistance at the highest speech 
frequencies is more than, say, 20 per cent. greater 
than that of the length of cable between coils. In 
the early developments this requirement of a low 
ratio of resistance to inductance occupied consider- 
able attention, but practical experience soon brought 


other important limitations of design into promi- 
nence. 


Failure of the coils to retain their nominal 
inductance became apparent. This deterioration was 
traceable to the changes in the magnetic material of 
the cores brought about by currents of large 
magnitude used in testing the cables, or induced in 
them from neighbouring power systems, or due to 
ageing of the magnetic material itself. Since the 
capital involved in a large modern telephone cable 
is heavy, the question of the stability of the core 
material under working conditions became of para- 
mount importance. 


At a later stage the question of the actual size of 
the coils assumed importance. The values of 
inductance in most common use are from 50 to 200 
millihenries, their volumes varying up to about 10 
cubic inches. It may be necessary to accommodate 
several hundred of these in a manhole in the 
congested streets of a city, or alternatively to mount 
twenty or so on the pole of an aerial line. The 
importance of reducing their size will therefore be 
appreciated. 


Then again, the great complexity of modern 
communication systems in which the same wires may 
be used for telegraph and telephone channels, or for the 
transmission of the higher music frequencies for relay- 
ing radio broadcast, has necessitated a more careful 
consideration of the nature of the effective resistance 
of the cores. In particular, that component which 
is due to the heating by hysteresis of the magnetic 
core must be kept within strict limits or it will give 
rise to distortion of speech, instability of amplifiers, 
and interference from telegraphs. These effects are 
discussed in greater detail in a later paragraph. 

These are the factors which chiefly determine the 
choice of core material. In addition to close limits 
on the actual values of inductance, the winding of 
the cores is complicated by the necessity of avoiding 
cross talk between the wires and pairs in a cable. 
This necessitates highly skilled factory technique, 
backed up by elaborate testing. 


EFFECTIVE RESISTANCE. 


Measurement of the effective resistance of the 
coils is made by methods now well developed for 
alternating current bridge work, and calls only for 
the comment that extreme precaution to secure 
accuracy is necessary, since the phase angle of a 
good coil is only of the order of o° 2’ at 2,000 periods 
per second. 
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For the comparison and development of coils and 
core material it is essential that the effective resistance 
Should be analysed into its components, ohmic 
resistance of the copper winding, eddy current loss 
in coil and winding, and hysteresis loss in the core. 
This analysis is made by taking measurements at 
several values of frequency and current in the way 
well known for iron testing. The details arising in 
the case of the loading coil present some points of 
interest. Except with one alloy referred to later, the 
hysteresis losses become excessive unless values of 
induction, not exceeding 10 or 20 gauss are used. 
Jordan‘) has stated, and the writers’ experience goes 
to confirm, that at telephonic and higher frequencies 


R 


and over these ranges of induction, the ratio zr at 


a given frequency is directly proportional to B, plus 
a constant, within the limits of experimental error. 
The constant term has been called the “secondary 
effect,’’ and is the hysteresis loss which it would 
appear still exists as the induction and frequency 
both approach zero. On the analogy of magnetic 
viscosity discussed by Ewing, it might be dependent 
on eddy currents and therefore on the size of 
particle, but there seems no experimental support 
for such a theory. An analogy with dielectric 
phenomena has also been suggested and the subject 
has been much discussed but, until a more 
fundamental investigation is made, it is probably 
better to regard the secondary effect simply as one 
factor determining the shape and size of the hysteresis 
loop which, under these conditions, is nearly an 
ellipse. 

It is usual to assume that eddy currents do not 
disturb the distribution of magnetic flux so that 
the two core losses, eddy and hysteresis, can be 
treated as being independent. The error involved 
has been investigated by W. Cauer‘?) and proves to 
be small. It can then be shown that eddy current 
loss per cycle is proportional to frequency, and 
hysteresis loss per cycle independent of frequency. 
This leads to a convenient expression for effective 
resistance in terms of ohms per henry cycle at a 
frequency f 


s: me. Gm ,: . 3 
(1) Lf pe (f,) Ovp OsBy. 


which contains the factors to be considered in design 


R =total effective resistance. 

L inductance. 

Kc=constant depending on winding space and 
gauge of wire. 

» =permeability. 

OQe=eddy current loss coefficient at a specified 
frequency f, (2,000 cycles unless otherwise 
stated). 


(2) E.N.T. Vol. 1, 1924 
(3) Archiv. fur Electrotechnik. p.303, 1925. W. Cauer. 


Qv =coefficient of hysteresis loss at zero B and 
zero frequency. 

Qs =slope of the hysteresis - B curve. 

B=flux density. 

The coefficients Qe, Qv and Qs multiplied by 
- give the loss in ergs per cc. per cycle. 

Ignoring the resistance of the winding the 
measurements can be plotted as shown in fig. 4, 
which gives numerical values for an iron powder 
produced by electrodeposition, and the coefficients 
read off the diagram. The linearity of the loss 
- B function, which is a feature of the experimental 
results, permits the inclusion on the diagram of the 
curve for B = O. 
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FREQUENCY-CYCLES PER SECOND 


Fig. 4.—Analysis of effective resistance of coil. 
R = effective resistance as measured. L inductance. 
f frequency. Qe eddy current factor. Qs vari- 
able hysteresis factor. Permeability. 


The eddy current coefficient Qe is dependent on 
the state of sub-division and resistivity of the 
material. For cores consisting of fine iron or steel 
wire, or tape wound to toroidal shape, the coefficient 
can be calculated, and the results check adequately 
with measurement. In dust cores the size and 
shape of particles and effective insulation are tco 
variable to permit of useful theoretical calculation. 

The hysteresis coefficients are a function of the 
magnetic material and its history, that is the 
mechanical and thermal treatment it has sustained. 
It is also dependent in the case of dust material on 
the shape and packing of the particles, and in wires 
and tapes, on crystal structure. 

The expression (1) clearly indicates one principal 
problem. If a low permeability is used the copper 
losses increase ; if high permeability, the iron losses 
unless, accompanying the higher permeability, the 
loss coefficients for eddy currents and hysteresis 
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are correspondingly lower. Again, to obtain a small 
size of core, winding space must be kept small and 
flux density must be high, the former tending to 
increase copper loss, the latter to increase hysteresis 
loss. 

The permeability in the foregoing expression 1s the 
apparent permeability of the core, including any air 
gaps that may be introduced. In the case of dust 
cores the gaps between the particles set an upper 


limit to the attainable permeability, as can be seen 
from the Table I, below. 
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hysteresis loop. 


Table I. 
Apparent permeability of core with air gap. 





lrue permeability length of particle Apparent 
Katio 


material length of air gap permeability. 


50 é 2.9 
20) 15 
200 40 
2? OOO 49 


500) , 3.0 

20 20 
200 144 

2? 000 400 


5 000 3.0 
20 21 
200 190 
2 OOO 1.400 











From these figures it is seen that an intrinsic 
permeability in the material of 5,000 offers little 
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advantage over one of 500, unless the particle length 
is several hundred times that of the air gap. 


STABILITY. 


It is also necessary to consider magnetic stability. 
Fig. 5 shows hysteresis curves for a solid ring of 
iron, OQ being the initial magnetization curve, and 
QP the usual shape of loop as obtained by a moderate 
magnetizing field. AA shows the small ellipse 
representing the flux changes which would be 
caused by a small magnetizing force of telephonic 
magnitude. If the ring is subjected momentarily to 
large magnetizing forces as represented by the 
curve PQ, it will be left in some state represented 
by B,, and if now the telephonic current is applied, 
a new small ellipse’ CC is traced out, which, in 
general, will have a different slope and shape from 
AA. In other words, the permeability of the core 
is altered, and also its inductance, and it is no longer 
accurately performing its function in the cable. If 
an air gap is introduced, however, the state of affairs 
is more nearly as represented by the dotted lines. 
The coercive force must overcome the air gap flux 
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Fig. 6.—-Gecalloy loading coil, 120 millihenries. 

Curve shows per cent change of inductance due to 

submitting the coil to direct current magnetisation. 

Amperes in windings in series. 1 ampere gives 
‘value of B approx. 6,000. 









































reluctance as well as that of the iron. The remanent 
magnetism is therefore reduced, which also reduces 
the coercive force available. In other words, there 
exist on the particles free poles which exercise a 
demagnetizing effect. Hence, conditions return 
more closely to the original state, and the small 
ellipse DD differs little from the original one AA’. 
In order, therefore, to achieve stability, either air 
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gaps must be introduced or the hysteresis loops must be 
made so small and narrow that B, and H_are negligible. 

The modern good quality coil of small size and 
high permeability makes use of both these effects, 
giving a very remarkable improvement over any 
previous cores. In fig. 6 is shown the effect of 
inductance on a Gecalloy core some five minutes 
after very large overloads up to 2 amperes have 
been passed through a line winding. 


FERRO-MAGNETIC MATERIALS FOR CORES. 


Ferro-magnetic materials for cores include iron, 
steel and other iron alloys. The subdivision of the 
metal necessary to avoid eddy currents need only be 
in a direction perpendicular to the field, so that 
sheet, wire or tape can be used. 

An interesting historical account of early develop- 
ments is given in a paper‘+) by Speed and Elmen, 
which also describes the great advance in quality 
obtained by the use of dust material compressed at 
high pressures. 
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INDUCTION-GAUSS 
Fig. 7._-Effect of drawing on mild steel wire, 


drawn down from 27 to 42 S.W.G. 

In what follows it is proposed to describe the 
characteristics and methods of production which 
have been used, and one of the most interesting 
points is to note the great difficulties that have 
attended the manufacture, in large quantities at 
reasonable cost, of suitable finely divided metal 
whether wire, tape or dust. 


IRON WIRE. 


The earliest material to be used on a large scale 
was cold drawn mild steel wire of about 42 S.W.G. 


— ee 





(4) J.A.LE.E.. 1921. p.596. 


A steel with a small percentage of carbon has a more 
constant, if lower, permeability than pure iron. It 
has, also, as is well known, a much larger hysteresis 
loss at high flux densities, but at low flux densities 
the situation is markedly reversed. 

Figs. 7 and 8 illustrate how, at low flux 
densities mechanical work and its converse, anneal- 
ing, change their respective effects at low flux 
densities, the hysteresis decreasing with the harder 
material. Fig. 7 relates to a 0.25 per cent. carbon 
steel and fig. 8 to wire with only o.o1 per cent., 
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Fig. 8.—-Effect of annealing on hysteresis loss of 
iron wire. 


an amount which is, however, sufficient to place the 
material out of the range of pure irons from the 
magnetic standpoint. 


IRON “DUST” MATERIALS. 


The term “dust core’’ is generally used to 
describe cores made of small particles of magnetic 
material formed into a solid mass by a binder or by 
compression. The materials which have been tried 
vary from the coarse filings used by early experi- 
menters down to powders in which the particles 
are all less than five ten thousandths of an inch in 
maximum dimension. Wire of about 42 S.W.G. 
chopped up into lengths of *%” or so and roughly 
aligned in the magnetic field has also been proposed. 

In some of the earlier experiments magnetic 
iron oxide Fe,O, was used, since this is magnetic 
and of high electrical resistance so that particles 
require no insulation. In general, however, iron 
oxides possess hysteresis of relatively enormous 
amount, which renders them unsuitable, 
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Iron obtained by the reduction of iron oxides in 
hydrogen has been tried, but it is believed without 
practical success. A photomicrograph by reflected 
light of some particles obtained by this method is 
shown in fig. 9, and it will be seen that the particles 
appear to consist of agglomerates of smaller ones, a 
conclusion which is borne out by the fact that they 
are soft, and very difficult to insulate unless an 
excessive quantity of insulation is used. They 
behave, in fact, as if they are spongy. By calcining 
the oxide and closely controlling the temperature 
and time of reduction, the grain size can be altered 
within limits, and by mechanical treatment in ball 
milling the density of the powder can be increased. 
When this is done, however, it is found that eddy 
current and hysteresis losses are at best two or three 
times those obtained from other forms of iron. 





Fig. 9. Photomicrograph of iron particles obtained 
by reduction of iron oxides in hydrogen. 


Iron powder is obtainable as a commercial 
article, usually in a form reduced from steel turnings 
or filings by ball milling. Its chemical composition 
is variable and the particles are apt to be jagged and 
to cut through any insulating coating which is 
applied. 

The successful production of cores from iron 
electrolytically deposited on plates and subsequently 
crushed and ball milled is described in the paper 
referred to above't). Such cores were standard 
American practice for many years. 

By using a high current density in the deposition 
bath, the iron can be brought down in the form of 
a brittle powder which requires only a little further 
pulverizing to bring it to sufficient fineness. The 
operation of the bath is, however, very critical, and 
it is difficult to avoid oxidation of the finer powder. 
Powder made in this way gave a hysteresis loss of 
0.5 10" ergs per cc. per cycle for B — 5. 

The powdering of solid materials is an art with 
a whole technique of its own. Stamps, ball mills, 
high speed discs rotating with a small clearance 
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close to a stationary disc, and disintegrators with 
rotating hammers all have their uses for particular 
conditions of hardness or ductility in the material to 
be crushed, and for particular degrees of fineness, 
and much experimental ingenuity has been devoted 
to obtaining the best powdering technique for these 
loading coil materials. 

Single crystals of silicon iron have been shown 
to possess a very low hysteresis loss‘) and powders 
having large crystal size may be expected to possess 
such an advantage. These effects, like most of those 
in connection with magnetic properties, cannot be 
considered apart from the effect of heat treatment 
and mechanical work on the particles; while in the 
case of single crystals the magnetic properties are 
different along different axes. Work-hardened iron 
with large crystals is liable to have low permeability; 
if annealed, the permeability increases, but so also 
does the hysteresis. Such powders are difficult to 
insulate and press to a solid form. 


NICKEL IRON ALLOYS. 


Following the discovery of the high 
permeability and low hysteresis losses of the nickel 
iron alloys, especially those containing about 80 per 
cent. nickel, of which “‘permalloy”’ is the outstanding 
example, attention was naturally directed to the use 
of this material for loading coil cores. One of the 
chief difficulties is that connected with the necessity 
for heat treating the core after insulating, and this is 
discussed below. Apart from this, however, it is 
very difficult to obtain useful alloys in the nickel 
iron range in powdered form, since they are 
extremely tough. A paper by Shackleton & Barber‘®) 
describes a process involving the embrittling of the 
ingots by over-oxidation, and subsequent hot rolling 
at 1,400°C. to produce a coarse grained material 
capable of granulation. 

Other methods besides the usual one of melting 
together the constituents have been proposed for 
making alloys. For example, some investigations by 
one of the authors* on the oxidation of nickel 
chromium alloys showed that this alloy when 
oxidized was converted into a mixture of oxides, 
and the same was true of nickel iron alloy, the 
mixture of oxides reverting to alloy on reduction. 
If an alkali is added to a solution containing iron 
and nickel chlorides, a fine gelatinous precipitate of 
the mixed hydroxides is obtained. This, by suitable 
processes of washing, drying and igniting, gives an 
intimate mixture of iron and nickel oxides. 

A method of producing a nickel iron alloy in 
powdered form by direct deposition in an electrolytic 
bath was evolved in the G.E.C. Research Laboratories 
at Wembley. The bath is a composite one and two 
anodes are used, the current to each being adjusted 


(5) Gerlach Physic Zeit, P- 91 . 
Shackleton & Barber, J.A.1.E.E. Vol. 17, p. 437, 1928, 
° S.V. Williams 
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to give the desired composition. The cathode 
consists of a tube rotated at intervals against a 
scraper, which removes the alloy dust particles. 
Cores made from this material showed a great 
advance over previous ones of iron. Both eddy 
currents and hysteresis factors were reduced, the 
latter to about one third of its value for iron, while 
higher permeability was obtainable. 

Alloy dust produced by such methods requires a 
further extensive series of processes involving heat 
and mechanical treatment, all of which must be 
controlled to a high degree of precision in order to 
produce a uniform product. 

Thorough magnetic tests are used to control the 
product, and at certain stages X-ray methods assist. 
Fig. 10 shows, for example, the difference between 
an alloy and the unalloyed constituents. 


greater stability, the hysteresis losses are greater. 
The same remark applies to alloys which contain 
additives introduced for the purpose of raising the 
specific resistance. Material in the form of thin 
tape has another disadvantage in that the cost of 
rolling it to the requisite thickness is usually 
extremely high. 

In the last few years a very large amount of work 
has been carried out, not only on the nickel iron 
alloys, but also on the ternary series with cobalt. 
The remarkable “‘perminvar’’ series show extremely 
small hysteresis up to fairly high flux densities, but 
have the disadvantage that overloads produce 
irreversible changes of permeability. The methods 
developed at Wembley for the production of alloy 
dust have also been found suitable for the 
manufacture of cores of these more complex alloys, 





Fig. 10. 


A—Mixture of nickel and iron. 


The methods of manufacture of the alloy dust 
developed to a production scale at the Wembley 
Laboratories are carried on at the Salford Works of 
The General Electric Co., Ltd., in the manufacture 
of the cores extensively used for the highest quality 
loading coils to which the name Gecalloy has 
been given. The hysteresis loss of this material in 
core form for a B of 5 is of the order of .o5 x 10° 
ergs per cc. per cycle, depending to some extent on 
the permeability. 

Nickel iron tape coiled up to form a toroid core 
of rectangular section has been used for coils. The 
nickel iron series has a critical point at about 25 per 
cent. nickel where the alloys are non-magnetic. 
Alloys below this range with about 7 per cent. 
nickel have been used for cores. When rolled 
sufficiently thin, the eddy current loss can be made 
small and the hysteresis loss low, of the order of 
-I x 10°. A more stable alloy containing 37 per 
cent. nickel has also been suggested. In general, 
however, such alloys have not sufficient stability to 
meet modern conditions unless air gaps are 
introduced, in which case the construction becomes 
clumsy and leakage fluxes arise. If heat treated in 
such a way as to give a lower permeability and 


X-ray photograph showing difference between an alloy and the unalloyed constituents. 
B— Alloy of nickel and iron. 


the magnetic properties of the product, particularly 
the low hysteresis, being very striking. In addition, 
many metals have been suggested as desirable 
additives in small percentage; while exceptional 
forms of heat treatment, such for example as high 
temperature hydrogen annealing, produce interesting 
results. The field for experiment in loading coil 
materials is still wide, but bearing in mind that the 
modern product is of high quality, and that many 
of the alternative new alloys contain expensive 
elements, it would be rash to assume that marked 
advances are easy to hand. 


PARTICLE SIZE. 


An accurate control of the grain size is essential 
to the production of a high quality core. The eddy 
current loss will depend chiefly on the maximum 
size of particle permitted to be present in any 
appreciable proportion by weight. Smaller particles 
than the largest assist the packing of the powder so 
that on compression a high specific gravity is 
obtained. The proportion of small particles and 
their size may also largely determine the amount of 
insulation to be used, in the sense that a space filled 
by small particles absorbs obviously more insulation 
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to cover the surface of each particle than the same 
space filled by a single solid particle. The actual 
grading of powder chosen varies considerably with the 
precise use for which the core is to be employed. 
It is not usual to use grains of a greater size than 
will pass a mesh of 80 to the inch. Microscopic 
examination of the powders has been used both for 
counting grain size and general examination of the 
powder, but little information is obtainable from 
such inspection other than a rough idea of size and 
shape. 

Grading can be carried out by sifting through 
suitable meshes. It is found that, with powders of 
approximately spherical shape, grading by sifting 
corresponds sufficiently closely with an estimate of 
size distribution obtained from counting particles in 
a sufficient sample under the microscope. 





Fig. 11. 


Magnified section of a typical alloy 
core. 


INSULATION AND COMPRESSION. 


Unless the particles are well insulated from each 
other, eddy current losses become high. The 
earlier experimenters used paraffin wax or attempted 
to oxidize the particles, but as a rule they obtained 
only low permeabilities. A great advance was made 
by the use of a dilute solution of shellac in methylated 
spirit mixed with the powder and evaporated to 
dryness. This method is described in the paper‘+) 
already referred to. The most remarkable feature 
of this form of insulation was that, although only 
very small percentages of shellac were used, the 
powder, if of suitable physical character, could be 
compressed to enormous pressures without destroy- 
ing the insulating film. It is usual in all cores of 
this type to compress the material beyond its elastic 
limit, so that cohesion is obtained by interlocking 
the particles and not by the cohesive action of the 
insulation or other binder. In fact it is doubtful if 
a sufficient permeability can be obtained by any 
other method. Permeabilities of actual cores in 
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present use vary from about 20 to 100, according to 
their working conditions. The lower figure is more 
suitable for cores which must have exceptionally 
low losses, such as for coils employed to load music 
circuits having high cut off frequencies and 
transmitting up to 7,000 cycles or so. 

The great majority of the older iron dust cores 
were made with shellac insulation. The use of 
nickel iron alloys brought new problems. These 
alloys require a heat treatment in the neighbourhood 
at least of 500°C. to 600°C. in order to develop the 
characteristic state in which they exhibit high 
permeability and low hysteresis. Mechanical strain, 
such as that produced by pressing, destroys the 
characteristics completely, so it is necessary that the 
heat treatment shall take place on the core after it 
has been insulated and pressed to a solid mass. 

A successful method, depending on the use of 
an oxidizing agent, has been described in the paper 
to which reference has already been madel®), A 
perusal of the patents on the subject indicates that 
an immense amount of ingenuity has been devoted 
to the subject. In addition to the use of refractory 
powders such as talc, kaolin, magnesium and asbestos, 
a number of oxidizing substances have been proposed 
such as mercuric nitrate and lead sesquioxide. 

Many of these are in some degree effective. It 
has also been proposed to use shellac, glue and 
other organic substances, which will decompose at 
the heat treatment temperature, leaving behind 
some carbonaceous insulating compound. 

The problem is, of course, complicated by the 
fact that, to keep eddy currents low, the particles of 
magnetic material must be small, while to obtain 
the advantages of the intrinsic high permeability of 
the alloys, the insulation used must be thin compared 
with the linear dimensions of the particle. The 
results indicate that in modern alloy cores the 
insulating film can be as thin as one or two one 
hundred thousandths of an inch. 

A magnified section of such a core is shown in 
fig. 11. 

The cores are pressed in alloy steel dies to 
toroidal rings varying in size from about 5 cms. 
external diameter to a maximum for special use of 
IO cms. external diameter. One or more rings are 
assembled and the winding carried out in special 
machines, having a split spinner on which the wire 
is first wound. It is interesting to note the principal 
tests to which the finished coil is subjected. 

(t) Limits on inductance. 

(2) Limits on effective resistance at frequencies 
(in the case of some coils) up to 15,000 
cycles. 

(3) Limits on D.C. resistance. 

(4) Limits on capacity between windings. 

(5) Limits on inequality of inductance of two 
windings. 
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(6) Limits on inequality of capacity of two 
windings. 

(7) A percentage of cores must be tested for 
stability. 

The internationally agreed specification 
requires that the inductance shall not have 
varied more than 24 per cent. from its 
original value five minutes after a current of 
2 amperes has been passed through a line 
winding. But good modern practice, as 
exemplified by the G.P.O. specifications, 
works to a lower figure of 14 per cent. 

(8) Hysteresis limits are discussed in a later 
paragraph. 

(9) Insulation resistance and breakdown tests up 
to 5,000 volts. 

(10) Cross talk tests between windings and 
between coils. 


HYSTERESIS. 


The effect on telephone transmission of that 
portion (h) of loading coil resistance, which is due 
to hysteresis, has received considerable attention in 
recent years, and as a result the C.C.I. (the 
International Consultative Committee on long 
distance telephony) has recommended a specification 
limit for this resistance in coils used on international 
lines of 12 v L ohms per henry per milliampere at 
800 cycles, where L is the inductance of the coil. 

It is of interest to examine a little more closely 
the part which hysteresis plays. Referring to 
equation (1), it will be seen that the hysteresis loss 
introduces into the effective resistance a factor 
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Fig. 12.—-Hysteresis effects with superposed 
frequencies. 


proportional to current. This is conveniently 
described as the hysteresis factor of the coil F,, and 
is the additional resistance added to the line by the 
particular coil by each ampere of current at 800 
cycles per second. 

It follows that the resistance of the coils and 
therefore of the attenuation of the line is a function 
of the current. Small currents are attenuated less 


than large ones, and the system has a non-linear 
transmission characteristic so that distortion exists 
in the form of harmonic components. When it 1s 
remembered that on a long line amplifiers are used 
to counteract attenuation except for a small residual 
amount, which may be as low as 5 db, it will be 
seen that it is necessary to keep the extra attenuation 
(due to hysteresis introduced by the coils at full 
speech volume) small compared with this figure ; 
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Fig. 13.—-Hysteresis effect with superposed 
frequencies. 


both in order that the percentage of harmonics shall 
be small, and in order that the residual attenuation, 
on which the stability of a long repeatered circuit 
depends, shall not vary markedly from the state of 
full speech to no speech. The permissible hysteresis 
per coil is therefore primarily a function of the 
number of coils in the line, not of the inductance of 
the coil. In the majority of cases at present the 
longer lines have lighter loading, i.e., small inductance 
per coil, in order to keep the transient time of the 
circuit within bounds. The empirical formula of 
the C.C.I., based on the value of L, is, however, 
convenient for design purposes, and the constant 
has been chosen to give values of hysteresis factor 
which accord sufficiently with limits calculated from 
the considerations of transmission described above. 
In the case of phase compensated lines, these limits 
might not apply, and indeed the hysteresis factor of 
the phase compensating coils would also need 
consideration. 

Thus, considering the stability of operation of a 
repeatered line with residual attenuation of 5db, it 
is clear that the hysteresis attenuation at full speech 
volume must be less than, say, 3db at the highest 
frequencies transmitted, 2,400 cycles. At 800 cycles 
the hysteresis attenuation will only be one third of 
this, so the hysteresis “‘factor’’ which is based on 
800 cycles measurement, may be given a value 
corresponding to an added attenuation of 1db in a 
line typical as to length and composition. The 
C.C.I. formula gives F, 132 for 50 mullihenrys, 








100 


which is a typical value for light loading. This 
corresponds with a figure of 3,000 kilometres, which 
is the limit at which such a value of F, will give 
1db attenuation in a typical light loaded circuit. 

If the coils carry a telegraph and telephone 
current superimposed, the hysteresis resistance, and 
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therefore the attenuation of the line at speech 
frequencies, will vary in synchronism with the 
telegraph current, producing an audible interference 
with speech known as the “‘flutter’’ effect (Fondiller 
& Martin.)(”) 


Deutschman(*) has given an interesting qualitative 
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material and attenuation constant for 0.9 mm. dia. 
conductor (20 lbs. per unit) for various values of 
permeability. 


(2) Fondiller & Martin. J.A.M.LE.E. Vol. 40. 1921. p. 149 
(8) E.N.T. 1929. Heft. 2. 
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CONTINUOUS LOADING. 


Continuous loading is extensively used for 
submarine telegraph and telephone cables. It is 
interesting to examine the reasons why it has not 
been found suitable for underground cables. Since 
the magnetizing force, and therefore the flux density 
in the loading material, are small, the hysteresis loss 
can be neglected in a first approximation. The loss 
resistance and inductance increase with the thickness 
of the conductor, and the relationship between 
resistance and inductance added by the loading is 
shown in fig. 14 for various values of permeability 
and thickness of loading material. Using these 
curves another set can be drawn, fig. 15, showing the 
relation between attenuation obtainable on, say, a 
0.9 mm. conductor 20 lbs. per mile, with continuous 
loading of various thicknesses and permeability. 
Comparing this with fig. 16 for coil loading, it will 
be seen that to obtain as good a performance from 
continuous loading as from coil loading with modern 


cores of L value 100 or under, a thickness of loading 


material about 0.1 mm. is required, with a 
permeability of 1,000. A _ specific resistance of 
50 microhms per cc. is assumed. The formulae 
assume that this layer of magnetic material is 
insulated from the conductor. 

It is at once evident that serious disadvantages 
would result. The loading material alone without 
an insulating film adds ro per cent. to the conductor 
diameter, which means increased duct space for the 
cables. The difficulties of producing such a cable 
accurately balanced must be increased, and the cost 
of manufacturing and winding any such thin layer 


of high permeability material is likely to be high. 
A covering of insulated particles of high permeability 
material sprayed on the wire has been suggested by 
Mollerhoj(9), but the results with dust cores suggest 
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Fig. 16.—-Relation between loading inductance and 
attenuation constant for 0.9 mm. cable (20 Ibs. per 


mile) for various values of “ 


that a permeability even as high as 200 would be 
very difficult to obtain, and from fig. g it will be 
seen that the results would be poor, even if 20 per 
cent. is added to the thickness of the conductor. 





(9) Electrician Dec. 1923, p. 692. 


APPENDIX. 


(1) Approximate expression for the attenuation, 
B, of a loaded cable :— 


B 1(R -R4 c) VS rae ae 

where 

resistance of line per unit length. 

effective resistance added by loading per 

unit length. 

wire to wire leakance per unit length. 

wire to wire capacity per unit length. 

inductance of coils and line per unit length. 

(2) Cut off frequency, fo, of cable loaded with 
coils of inductance L, spaced apart at a 
distance d :— 


FAQ we 


I 


fo = -VCa Lc 


(3) Duration of transient phenomena, 7, at 
receiving end of a coil loaded cable of length / 
for a frequency f 


f= ivCL 








(4) Ratio of resistance, R,, due to losses in iron 
cored coil to inductance L, of coil :-— 


R: . 
eB 87 af B' - 


8rd pf* 10° 
r, X = hysteresis coefficients. 
B = flux density. 
« = subdivision coefficient. 
A = electrical conductivity of core material. 
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This expression may be written in a form some- 
times convenient :-— 


Ri; Fat+(l)»- ie 
s 800  \8o0 800 
where n “‘constant’’ hysteresis coefficient. 
h “‘variable”’ “ 
w eddy current ,, - 
i.e., the losses in ohms per henry at 800 cycles for a 


held of one ampere turn per centimetre where i is 
the measuring current. 


,? 


(5) Total power loss P in iron core of volume V. 


pP nf BX 107° + « AVB* 107° watts. 


(6) Cauert*) gives the following expression for 
sheet material for the error involved in assuming 
that hysteresis and eddy current effects can be 
treated as independent :— 


85 s4 2 vH 280 é 
S 
2I Vo 37 


error 


) per cent. 


Ns d Y‘O.27 io Aw IO . 

d — thickness of plate cms. 
o —= initial permeability. 

vy == Rayleigh’s constant in the expression 

y wo + vH. 
d electrical conductivity of plate. 
H = maximum field strength. 
(7) Apparent permeability ». of core with air gaps. 


3 
ju ] oe 
l, 
ce 
» —= intrinsic permeability of magnetic material. 


/, = length of magnetic particle. 
1, = length of air gap. 


(8) Increase in attenuation Bh at a frequency f of 
a coil loaded cable circuit due to the hysteresis 


losses in the cores of the coils. 


B, 


where n 
i 


R. 


~» 


Fh 
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n Fh i ; 

R. approximately 
number of repeater sections. 
current at sending end of repeater 
section. 
circuit resistance of repeater section. 
hysteresis loss resistance per coil per 
ampere at 800 cycles per second. 


(9) Relative attenuation exponent, x, for ratio of 
noise harmonics due to hysteresis, to speech :— 


x 


é 


-375 X Fh xi xf 


x 10° 
bZ 


Z = characteristic impedance of loaded 


b, 


cable. 


= attenuation of repeater section. 


(10) Hysteresis factor. 


h 


Fh 


increase in resistance of a loading coil 
due to hysteresis ohms per henry 
per milliampere at 800 cycles per 
second (C.C.I. definition 1931). 

ditto in ohms per coil per ampere at 
800 cycles per second. 


Fh = hL; 10°. 


(11) ‘“Flutter’’ effect. 


R, 


Re 


increase in resistance of a loading coil 
to a current i, of telephonic frequency 


Oho 


“. due to the superimposition of a 


2r 
. ®) 
telegraph current 1,, of frequency — 
2r 
: 3 1, : 
0.469 X 10° Fh F Hake (sin 2w,t 


2 COS », ft) 
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Notes on the Change-over of Power Plant 
to Alternating Current.’ 


By H. NIELSEN, B.Sc., A.M.I1.E.E., 
Witton Engineering Works of The General Electric Co. Ltd. 


scope of this article to the problems con- 

fronting the industrial consumer of electricity, 
who has hitherto been utilising direct current as a 
source of motive power, but is now being 
connected to a supply of alternating current. It is 
not proposed to deal with small installations of 
250/500 kW or under, in which it may be taken for 
granted that existing plant will have to give way to 
new equipment suitable for a low tension, alternating 
current supply. 

The first question which naturally arises in any 
change-over scheme of the type under discussion is 
whether existing plant must be dismantled and 
replaced by equipment suitable for the new supply, 
or whether the plant already installed should be 
retained and some method adopted of converting 
alternating current to direct current. The answer 
to this question depends on several factors—(1) the 
age and condition of existing plant, cables and 
switchgear, (2) whether the characteristics and per- 
formance of the driven machinery render it difficult, 
or even impossible, to adopt A.C. motors, 
and (3) whether the abolition of all existing cable 


work is necessary, or whether it can be utilised for 
A.C, distribution. 


fy author has endeavoured to limit the 


CONVERTING PLANT. 


In the simplest case, i.e., where it is decided to 
retain the equipment at present installed and provide 
the necessary converting plant, switchgear for control- 
ling the incoming supply has to be provided either by 
the Supply Company or by the consumer. Care should 
be taken to ensure continuity of supply by insisting 
upon the switchgear being connected to a ring main 
giving alternative supplies, and the switchgear itself 
should be equipped with breakers having a rupturing 
capacity capable of dealing with the power behind 
them, and of ample carrying capacity for the loads 
they have to control. 

There are five types of converting plant which 
present themselves for consideration. These are :— 

(1). Motor-generators. 

(2). Rotary converters. 

(3). Motor-converters. 

(4). Steel tank mercury arc rectifiers. 
(5). Bulb rectifiers. 


In comparing these, the following factors have 
to be borne in mind :— 
(a) Price. 
(b) Efficiency. 
(c) Voltage range. 
(d) Power factor. 
(e) Reliability and ease and cost of operation and 
maintenance. 
(f) Space occupied. 
Taking an average installation of 1,000 kW, the 
rectifiers are definitely unsuitable, first, because they 
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Fig. 1._-Comparison of prices of motor-generators, 
motor-converters and rotary converters. 


have not yet been developed for low voltages, and 
secondly, their initial cost is higher than that of 
rotary plant. 

The efficiency of a steel tank rectifier depends 
upon the drop in voltage across the arc, which is a 
constant quantity of 22 to 29 volts and is independent 
of the D.C. voltage developed. It follows therefore 


* The subject of thts article ts extracted from a paper read by the author 
éjore the Assattation of Supervising ft nLinders 
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that the losses in a rectifier are proportionally lower 
when used on high voltages, such as a 1,500-volt 
D.C. supply for railway electrification schemes. It 
will be shown later in this article how the efficiency 
of a rectifer compares with other plant on voltages 
usually employed in industry. 





‘2 Ge eee Gee | = _ T 





' 
95 |}: $$$ 44 — __ ~~~ 4 - > —_— = 











| ROTARY CONVERTER WITH TRANSF. | 







































































}p— —- ~~ + —_—— + + —~+ —~4 + ~ + — 
- SO RE Be 
93 RECTIFIER WITH TRANSFORMER 
; ep aE 
MOTOR CONVERTER 
' + 
> ot 
0 9IT- 
z 
be 
4 T 
- MOTOR GENERATOR 
w so} —+—-+ 6 
= 
| 
a7 * > + + —- — > - a — a 
' 
’ +— ~~ -+— -———-+-— —--~4———--- -+> — + > 
i i } 
250 500 750 1000 1250 K.W. 


Fig. 2.—-Efficiency curves of various types of 
converting plant. 


Bulb rectifiers are not only high in initial cost, 
but the cost of the replacement of bulbs is a factor 
which has to be considered, the average life of a bulb 
rectifier being about three years. 

Neither type of rectifier can be employed for 
3-wire work without having at least one unit between 
each outer neutral, or utilising some kind of balancer 
set. 

The final choice therefore lies with motor- 
generators, rotary converters and motor-converters, 
and these will be considered in more detail. In 
fig. 1 1s shown a price comparison based on current 
prices, while fig. 2 compares the respective 
efhciencies. It will be seen that at #-load and 
above, the rotary converter shows a higher 
efhciency than either the motor-generator or 
the motor-converter. Other factors must be 
taken into account, however, in order to 
obtain a true picture of their respective merits. 


VOLTAGE RANGE. 


With a motor-generator a large voltage 
range 1s available within the limits represented 
by the stable part of the characteristic curve. 
Usually the figure can be taken as 20 to 25 per cent. 
With the rotary converter, arranged for reactance 
control, 12 to 1§ per cent can be obtained, while, 
if a booster or induction regulator is embodied, 
this figure can be increased to 25 per cent, 
but of course, at an extra cost. Lastly, with 


a motor-converter, up to 40 per cent can be 
obtained. 
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This question of voltage range, while of great 
importance to Power Companies possessing a large 
number of rotary sub-stations for public supply, 1s 
of minor importance to the average industrial 
installation where 12 to 15 per cent regulation is 
usually more than sufficient. 


POWER FACTOR. 


In the case of a motor-generator, the D.C. 
voltage can be adjusted to any value inside the stable 
range, without affecting the power factor, while with 
both rotary and motor-converters, the power factor 
depends on the voltage adjustment. Owing to the 
higher reactance embodied in the motor-converter 
design, however, the power factor varies to a smaller 
degree for the same amount of voltage variation than 
with a rotary. 


RELIABILITY AND EASE OF MAINTENANCE AND 
OPERATION. 

While from the points of view of reliability, 
maintenance and operation, there is very little to 
choose between the three types, in one respect they 
show an important difference. On the one hand a 
rotary converter may be regarded as a solid coupling 
between the A.C. and D.C. supplies and whatever 
disturbance takes place on one side must be trans- 
mitted to the other. The result is that a bad short 
circuit on the A.C. mains may be followed by 
the tripping out of all the rotaries on a system and 










Fig. 3._-Typical 2-bearing 1,000 kW motor-converter. 


would probably entail flashing over on several of 
the machines. 

A motor-converter, on the other hand, acts only 
partly as a rotary and partly as a straight D.C. 
generator, with the result that it may be viewed as 
a flexible coupling between the A.C. and D.C. 
supplies, so that these machines will often remain in 
step during any disturbance when rotaries would 
have tripped out. Moreover, flashovers on motor- 
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converters are practically unknown. It must be 
remembered, however, that to obtain the full benefit of 
a motor-converter, moderate speeds should be adopted. 


if this has been designed for 230/250 volts D.C. and 
is in fairly good condition. The usual L.T. supply is 
400/440 volts, 3 phase, 50 cycles with earthed neutral. 

If in the new installation 4-wire cables are run 
throughout, it is possible to tap off lighting circuits 
at any point between the outers and neutral, thus 
obtaining a 230/250 volt supply, but care should be 
taken that fuse boards are split up so as to divide the 
load equally between the three phases. Single way 
switches may be retained, providing they are, in all 
cases, on the live side of the circuit and not in the 


1 


SPACE OCCUPIED. 


With both motor-generators and motor-converters, 
it is possible to connect the stator winding direct 
to the incoming supply, whereas with the rotary, 
a transformer is essential, and allowance has 


thus to be made in the lay-out for the necessary 
transformers. 
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Fig. 4.—Wiring diagram of typical 
modern installation. 
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POWER & LIGHTING SWITCHBOARD 


At one time, motor-converters used to be pro- 
vided with 3-bearings with the disadvantage that 
connections between the D.C. and A.C. armatures, 
probably numbering not less than 12, had to be 
carried through the journal and coupling. Two- 
bearing motor-converters are now made, however, 
and this disadvantage has consequently been over- 
come, as shown in fig. 3. The saving in floor space 
with a two-bearing machine as compared with a 
3-bearing machine is from 15 to 20 per cent. 
For erection purposes, etc., the connections are 
easily dismantled as are the respective two halves of 
the armature. 


COMPLETE CONVERSION TO A.C. 


Considering the case where it is decided to scrap 
the existing D.C. plant and to use alternating current 
equipment throughout, it will be necessary to 
re-design the complete wiring system and probably 
to renew the cables carrying power, but it may be 
possible to save the wiring for the lighting system, 


FURNACES SWITCHBOARD 


neutral. If the neutral is unearthed, Home Office 
Rules demand the installation of double pole switches. 
In most cases, this would entail very large alterations 
to the existing wiring. 

In both of these systems it is obvious that, 
should a fault develop on the power side, resulting 
in the tripping out of a particular switch, the lighting 
in that section of the works would also be affected. 
Many engineers, therefore, install separate lighting 
transformers, connected direct to the main switch- 
gear. If desired the transformers may be Scott- 
connected with an earthed mid-wire or a single 


phase secondary. 


SWITCHGEAR. 

As regards the power distribution, fig. 4 shows 
a typical modern layout. The main high tension 
board may be compound filled metalclad switchgear 
(fig. 6), truck type (fig. 5), cellular type or steel 
cubicles, the choice depending upon various factors. 
The main essential is that the switches should be of 
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ample capacity for their duty, and the auxiliary wiring, 
switches and interlocks of robust construction and 
easily accessible. 

In selecting transformers, a proper balance 
should be struck between copper and iron losses, 
depending upon the operating conditions. Where, 
for instance, it is necessary to keep a fairly large 
transformer energised during the night or week-ends, 
for the sake of feeding a few lights or small motors 
for essential services, it is important that the iron 
losses should be as low as possible. 

For the main distribution and feeder switchgear, 
metalclad type of industrial switchgear is usually 
adopted, as this now compares favourably in price 
with flat back or cubicle type gear, and affords 
better protection against dust, etc. 

The cables, in most cases, consist of paper 
insulated lead covered, single or double wire, or tape 
armoured cable, depending upon their method of 
suspension or laying, the switchgear, motors and 
starters being all equipped with suitable cable 
glands. 

A great deal of attention has been given to the 
design of suitable distribution boards, which 
consist of steel plate or cast iron busbar chambers 
having independent outgoing combined switches and 
fuses for each circuit. This type of board has proved 
to be more accessible and reliable than the older types. 


CHOICE OF MOTOR. 


In discussing the selection of a suitable motor 
from the various types available, the desirability of 





Fig. 5.—-Typical truck cubicle switchboard. 


choosing one having a correct rating should first be 
emphasised. Most supply undertakings are prepared 
to make some kind of allowance to the consumer if 
he takes the necessary steps to ensure that his power 
factor does not fall below .8 or even .g. In many 
cases this 1s automatically taken into account by 
charging the consumer a standing charge of so much 
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per kVA of maximum demand (usually sustained 
over a period of 15 to 30 minutes) plus so much per 
unit, for the reason that a low power factor is 
equivalent to a high maximum kVA demand. The 
worst offender in this respect is the motor which 





Fig. 6.—A 150,000 kVA, 11 kV metalclad switchboard. 


runs over long periods only partially loaded. This 
cannot altogether be prevented, as not only do 
many motors work on a duty cycle where peak 
loads occur, but starting conditions may 
also be particularly severe. There are, 
indeed, many installations working to-day 
with an average power factor as low as .6. 

In practically every case it is most 
desirable that the opportunity be taken before 
dismantling the D.C. equipment of carefully 
recording starting currents and running 
conditions. In this connection it should be 
noted that the existing starting gear may 
not be capable of giving a minimum starting 
current and, therefore, the minimum torque 
cannot be obtained. If this be the case, a 
liquid starter should temporarily be inserted 
in circuit so that this essential information 
can be obtained. The result may mean a 
considerable saving of money. There are, of 
course, other methods of obtaining a high 
power factor; these will be discussed later 
in this article. 

After determining the correct h.p. the next point 
to settle is the type of motor enclosure best suited 
to the various situations. In this respect there are 
several types of enclosure available from which a 
choice can be made. It should be remembered that 
A.C. motors, particularly of the squirrel cage type, 
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which do not embody commutators or exposed live 
surfaces, are more robust than D.C. motors, and 
for certain processes, such as are found in cement 
works (fig. 7), ordinary protected type motors give 
ample protection, provided they are efficiently blown 
at regular intervals. 





Fig. 7.—125 h.p. slipring motor driving a jaw crusher in a 


cement works. 


It is sometimes a little difficult to decide whether 
a squirrel cage or slipring motor should be used. 
It is generally recognised that the modern squirrel 
cage motor 1s as robust a piece of machinery as it is 
possible to make, and, therefore, this type should 
be employed wherever conditions permit. The 
limitation to its use is usually set by starting condi- 
tions and its capacity to meet these is shown in the 
following table. 





High Starting 


Torque Squirrel Ordinary Squirrel Slipring 


Starting. 
Starting starting starting Starting starting Starting 
Torque Current. Torque. Current Torque Current 
Switching { wice 4to5 120”°,, of 6 times Full Full 
direct en full times full full load load 
supp! load full load load. load torque current 
sta 60",, of 14 times 40”, of 
Delta full full full 
Starting load load load 
Auto Full 24 times 


Transformer load full 
Starting load 


Ratio 
Starting 1 a 
Current “4 7 
Starting 
loryue 











The high torque motor referred to in the above 
table differs from the ordinary squirrel cage motor in 
that the rotor is equipped with two squirrel cage wind- 
ings in place of one. A winding of high resistance is 


placed near the periphery to provide good starting 
characteristics, and one of low resistance, deeper in the 
core, to ensure normal efficiency and power factor. 


STARTERS. 


Less trouble is generally experienced with A.C. 
starters than with those for D.C. For 
small squirrel cage motors up to 20 h.p. 
at 440 volts, the simplest form is the 
standard direct-to-line starter, either 
hand operated or of the contactor type, 
fig. 8. Where price allows, the instal- 
lation of automatic starters is to be 
recommended if only for the prevention 
of breakdowns due to faulty operation. 
The combination of high-torque 


motors and direct-to-line switches 1s 
undoubtedly growing in favour, even for 
large motors, but where heavy starting 
currents are prohibited, star-delta start- 
ers must be utilised. These are, of 
course, simpler and cheaper than auto- 
transformer starters, and it is as well to 
consider a point in connection with 
totally enclosed machines which is not 
always realised. If a certain drive 
requires, say, a 10 h.p. totally enclosed 
motor and the starting power required 
is 74'h.p. (corresponding to 75 per cent 
of full load starting), then, apparently, 
the use of a star-delta starter is not possible. It must 
be remembered, however, that a 10 h.p. totally enclosed 








Fig. 8._-Automatic direct-to-line starter. 


machine corresponds to a 23 h.p. open machine as 
far as windings are concerned, and the required 
starting power of 7} h.p. is actually only 33} per cent 
of the capacity of the machine. A star-delta starter 
is therefore satisfactory. 

Where more than 66 per cent of full load starting 
torque is required, auto-transformers have to be 
used, and should be equipped with tappings giving 
various ratios, so that the starting current can be 
adjusted to a minimum. 

It may sometimes be possible to make use of 
some of the existing wiring, by installing single 
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phase motors for drives up to about 5 h.p. This 
type of machine is now manufactured with split 
phase windings controlled by a centritugal switch 
embodied in the construction of the motor, thus 
reducing the amount of line control gear to a simple 
tumbler switch for the small sizes, or an oil switch 
for the larger ones. One disadvantage of the single 
phase motor lies in the fact that it is only capable 
of starting against a rather small torque of about 
334 per cent of full load torque. 
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Fig. 9.—Illustrating power demand of an industrial 
installation. 


POWER FACTOR. 


Reverting to the important question of power 
factor, an illustration of the power demands of a 
typical industrial installation is shown in fig. 9g. 

The line A B represents a load of 200 kW at 
-7 power factor 286 kVA, such as may be 
obtained in one section of a works where induction 
motors are installed; line B C represents a further 
load of 100 kW at .5 power factor = 200 kVA 
such as would be obtained if a number of 
smaller motors were running partially loaded; line 
C D a load of 300 kW at .95 power factor 
316 kVA such as might be obtained from a lighting 
load. 

The resultant A D represents a total load which 
amounts to 600 kW at .82 power factor = 732 kVA. 

If it is now desired to improve the power factor 
of this total circuit to .9, it is necessary to introduce 
into some point of the system, apparatus which 
draws a leading current from the line. From the 
diagram it will be seen that the magnitude of this 
corrective component would be DE, equal to 
138 kVA at zero leading power factor. 

There are several ways of introducing this leading 
component, as follows :— 

1. By connecting § static condensers into the 

circuit. 

It will be understood that an industrial 
load is usually of a varying nature throughout 
the working week, and if static condensers are 
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connected into the circuit, a fixed amount of 
correction would be obtained. It is not possible 
to regulate this correction in proportion to the 
load unless several banks are installed, which 
would introduce complication of the switch- 
gear. Moreover, condensers are most suitable 
for a 600-volt supply, and for other voltages 
it may be necessary to introduce transformers. 
By introducing an idle running synchronous 
condenser. 

This machine is really a synchronous motor. 
It is well known that if a synchronous motor 
be over excited it will draw leading current 
from the line and, therefore, by correctly 
adjusting the excitation, any desired amount 
of correction can be obtained within the rating 
of the motor. 

One advantage of using a synchronous motor 
is the possibility of running off the high 
tension incoming system, and as metering is 
usually effected on this side, it is also advan- 
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Fig. 10.—Efficiency and power factor curves of a 


14 h.p. 400-volt motor. 


tageous to correct power factor on the same 
side. This, however, is not always possible. 
Sometimes it is found that by adding a 
synchronous motor to the end of a long feeder 
cable, it is possible to increase the load on this 
feeder, or its transformer. This may out- 


weigh any advantage gained by placing it 
directly on the high tension side. 

By installing a synchronous motor for one or 
more drives and making this large enough to 
carry out any required power factor correction. 
It is important to select a drive requiring a motor 
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of as large a h.p. as possible, normally running 

throughout all working hours. There are two 

types of motor to select from :— 

(a) Synchronous Induction Motor. 
The synchronous induction motor is started 
as an ordinary slipring motor and can be 
built to start against twice full load starting 
torque. An exciter is provided, usually direct 
coupled to the motor, which builds up its 
voltage as the machine accelerates and, when 
sufficiently excited, the motor pulls into step 
and continues to run as a synchronous motor. 
This type of machine is extremely robust and 
is made to withstand very heavy loads. If 
for any reason an overload be experienced 
strong enough to pull the machine out of step, 
the motor would merely continue to run as a 
slipring machine until the load became normal, 
when it would automatically pull into step 
again. 
(b} Salient Pole Synchronous Motors. 

The salient pole synchronous motor has 
starting characteristics similar to, but rather 
worse than those of ordinary squirrel cage 
motors, but again it is as well to remember 
that as they are built to transmit a certain 
amount of mechanical h.p. in addition to 
their ability to correct the power factor, their 
rating is based on the sum of these two 
operations, and, as in the majority of cases 
the mechanical h.p. is only a fraction of the 
total rating of the machine, the starting torque 
seldom prevents this type of motor being 
adopted. 
The diagram, fig. 9, shows that if a 50 kW 
synchronous motor be installed in the section 
representing load A B, and adjusted to run 
at a leading power factor of .61, it would 
correct the total load from .82 to .g power 
factor. 

In changing over to A.C. it will be found that 
in very few instances will the drives prevent any 
difficulty, but there are a few cases which need 
careful consideration. Where speed control is 
desired, some care is required in connection with 
machine tools, boiler house fans, pumps, lifts, etc. 
A squirrel cage motor runs at practically constant 
speed, but with a slipring motor it is possible to 
obtain speed variation by inserting a resistance in its 
rotor connection. If the motor is to run at a reduced 
speed for any length of time, the losses sustained 
in the external resistance make this method unecon- 
omical and some other method has to be adopted. 

Where certain definite lower speeds only are 
required, as apart from intermediate speeds, it 1s 
possible to build motors in which the number of 
poles in the winding can be varied, but if inter- 
mediate speeds, or a range of speeds of, say, 3 or 4 to 1, 


are required, then A.C. commutator motors offer 
the only solution. These motors can be obtained 
with both series and shunt characteristics. They 
embody a commutator and speed regulation is 
obtained by moving the brush gear. 

A comparison between these various machines 
is shown in the following table, but it must be 
realised that the initial cost and the cost of mainten- 
ance of 3-phase commutator motors are higher than 
those of straight induction motors. 





Type of Machine. | 


| 


Advantages. Disadvantages. 





Two speed motor 


rotor. 


Standard motor | 
with slipring rotor | 
and resistance | 


control. 


A.C. commutator | 


| tained 
| Steady conditions. 
| Starting torque of 


Speed constant 
Squirrel cage | 


with variation of | 
load at either of | 


two speeds. 


Speed (independ- 


Speeds limited to 
synchronou s 
speeds. Poor 


| starting torque. 
Poor Power Fac- 


ent of synchronous | 


speed) can be 
reached and main- 
under 


high value obtain- 


| able. 


Wide range of 


tor, particularly 
with one winding. 


Speed is very 
variable with 
changing load 
and is effected by 
temperature con- 
ditions of plant. 
Heavy switch con- 
tacts required. 
Efficiency reduced 
by loss in resist- 
ance. Space re- 


| quired for resist- 
| ance. 


Double winding on 


motor. Shunt | speed available. | rotor. Primary 

type. | Speed constant for | supply to slip- 
brush setting. No | rings. Restricted 
starting resistance. | to low voltage. 


Good starting | 
torque. Good 
Power Factor at 
top speed. 


Use of Transform- 
er necessary. 


Series characteris- 
tics giving steady 
speed on fixed 
loads. Wide range 
of speed available 
at any load. High 
starting torque 
with low starting 
_current. Steady 
increase of torque 
on starting to give 
smooth acceler- 
ation. High power 
factor. No start- 
ing resistance. 
Stator and arma. 
ture windings 
easily repaired. 


A.C. commutator 
motor. Series 
type. 











Machine drives which embody a flywheel, such 
as power presses, stamping presses or drop forges, 
demand the use of a motor with a drooping speed 
characteristic. This type of drive is catered for by 
a slipring motor with an external resistance. 

The high speeds required for driving artificial 
silk spinning bowls or woodworking machinery are 
probably more easily obtained with A.C. than with 
D.C. High speed driving motors of squirrel cage 
construction must be supplied with current at a 
high frequency, for which purpose a frequency 
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changer set is necessary. The generator of this set 
is built like a_ slipring induction motor, but 
its stator is magnetised from the line. This 
produces a rotating flux and if the motor now 





Fig. 11.—3-drum sander in a large shop fitting factory 
driven by one 8 h.p. and two 5 h.p. motors, 1,500 r.p.m. 


drives the generator rotor in the opposite direction 
to this rotating flux, the rotor will generate power 
at a higher frequency. 
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For A.C. lift work, several methods are available. 
The lifts may be driven by single or three-phase 
commutator motors, which have already been 
described, or by double wound high torque squirrel 
cage motors. In this case the lift is started by 
switching the motor direct to the line on the higher 
speed winding, and after the travel is nearly com- 
pleted, the low speed winding is switched into 
circuit. The motor will thus first act as a brake 
until the slower speed is reached, after which correct 
decking is ensured. 

In extreme cases, Ward-Leonard control is 
adopted; this latter method embodies a rather 
more elaborate equipment, comprising a motor- 
generator set, and a D.C. driving motor. The 
armatures of the D.C. generator and the D.C. motor 
are electrically coupled, and the motor field is 
permanently excited from an exciter, usually direct 
coupled to the motor generator set. By regulating 
the exciter of the generator field by means of a 
potentiometer regulator, any desired voltage, plus 
or minus, will be produced by the generator armature 
and the torque and speed of the driving motor will 
be directly proportional to this. 

As the control gear only operates on the generator 
field and not on the armature current, it has only 
to deal with very small currents. This method of 
control is often utilised for very large drives, such 
as electric winders (fig. 12), rolling mills, and blast 
furnace hoists. 





Fig. 12.—-Ward-Leonard motor-generator supplying current to 
a 1,200/2,700 h.p. electric winder. 
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Breakdown Message Speech Transmission 
System of the London Underground 
Railways. 


By F. CLARK and A. A. CHUBB. 
G.E.C. Telephone Works. 


Railways of an auxiliary communication 

system for service in the event of breakdown, 
failure of current, or other emergency, provides an 
interesting example of the use of valve amplifiers for 
the transmission of speech over ordinary telephone 
lines to distant groups of loud speakers. Installation 
of the equipment over one of the main routes having 
now been completed, it is proposed to give a brief 
outline of the principle arid operation of the system 
which incorporates a number of patented features. 
Particular reference is made to 
the design of the master control 
circuits and the application of 
neon tubes for the purpose 
of indicating, signalling, and 
delayed switching. 

The object in providing 
this additional means of com- 
munication has been to ensure 
that, in the event of any 
interruption of the train service, 
there shall be no possibility of 
delay in the issue of instructions 
to all booking offices concerned. 
At every such point a loud 
speaker will be installed and 
emergency messages received 
from a central microphone 
situated, together with the necessary amplifiers, in the 
control office at Leicester Square Station. Each route 
or section of the Underground system will be served 
by a common line terminating at the microphone 
switchboard, and by means of keys associated with 
these lines the controller will be able to select, call 
and transmit to any desired group of stations. In 
brief, there will be a means of centralising at a 
moment’s notice the control of the admission of 
passengers to every point on the railway network. 

Circumstances demanding the issue of emergency 
instructions are, of course, exceptional and on this 
account it has been necessary to provide for the 


ee introduction by the London Underground 





Fig. 1.—Control office switchboard. 


automatic testing of the system at regular intervals. 
In order that no fault shall develop and persist 
unnoticed during the extended periods in which the 
system may remain unused, a means has been 
introduced whereby a time signal is sent out once 
an hour over all lines, the method of transmission of 
this signal being so arranged that every component, 
including the microphone, is brought into operation. 
Failure of any valve or piece of apparatus will thus be 
indicated at the booking offices by the absence of 
the time signal. 

Still further to increase the 
reliability of the system, an 
alternative microphone is pro- 
vided,with a switch for change- 
Over purposes, and auxiliary 
power equipment is installed so 
that the amplifiers will not be 
dependent upon only one 
source of supply. It will be 
obvious that to a large extent 
these features have governed 
the design of the control office 


" equipment. 
As the valve circuits 
employed follow standard 


practice it is not proposed to 
detail either the construction of 
the amplifiers or the types of 
apparatus associated with them. Both microphones 
are mounted in the face of the control switchboard 
(fig. 1) and an initial gain in the speech output is 
effected by a first valve stage. Two such preliminary 
amplifiers are provided, one for each microphone 
circuit, and when the system is extended over all 
routes they will feed directly into a group inter- 
mediate amplifiers. Each of these serves two final 
and independent power stages, of which one 1s 
equipped for each of the main transmission lines 
connected to the switchboard. 

The amplifiers are in panel form, mounted on 
racks as shown in fig. 2 and include their own power 
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equipment for supplying anode, grid biassing, and 
filament current from an A.C. circuit. As already 
mentioned, this alternating supply may be obtained 
from two sources, either from a motor-generator 
operating from D.C. mains or by direct connection 
to local A.C. mains. 

Current for the master relays associated with the 
line keys controlling the selection and operation of 
the amplifiers is obtained from a small trickle-charged 
storage battery which also feeds the microphone 
circuits. Other relays, which function only after 
A.C. for the amplifiers becomes available, operate from 


a separate D.C. supply provided by a suitable trans- 
former and rectifier. 





Fig. 2.—Panel type amplifier. 


To illustrate the operation of the equipment and 
the simple procedure of transmitting a message, the 
case may be taken of a “‘call’’ on one line only. 
By depressing a selected line key on the microphone 
switchboard, either the starter of the motor-generator 
Set is operated or, according to the position of the 
main switch, the A.C. supply connected. Current is 
immediately applied to the first valve stage serving 
the microphone in use and to the intermediate and 
power amplifiers associated with the line selected. 
Owing to the nature of the rectifier valves employed 
in the last stage there is a short delay before the full 
output can be delivered and at the end of a period of 
approximately 45 seconds a lamp, appearing immedi- 
ately above the operated key, indicates to the 
controller that the line amplifier is fully energised. 
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A similar signal is provided for the preliminary 
amplifier, the lamp in this case illuminating an 
arrow-shaped lens (seen in fig. 1) at the side of the 
corresponding microphone. Since the microphone 
and first amplifier circuits are duplicated, this signal 
serves also to indicate at once the direction in which 
to speak, without reference being necessary to the 
position of the microphone change-over switch. 

Proof of the complete preparation of the equip- 
ment having now been obtained a common calling 
key is depressed, whereupon a sustained note of 
definite frequency is emitted by two small telephone- 
type receivers placed adjacent to the microphones. 
This signal, which can be heard by the Controller 
and so verified, is picked up and transmitted to 
the line to be reproduced by every loud speaker 
along the selected route. Attention is thus 
attracted at all points prior to the transmission 
of speech. 

While the message is being read, two further 
indications are given, firstly of the speech level by 
an output meter showing the power delivered by 
the amplifiers, and secondly that speech is actually 
being applied to the particular line in use. The 
latter indication is given by a small neon lamp which, 
being connected via a suitable transformer across the 
outgoing line, flickers in sympathy with speech 
energy supplied. 

Upon conclusion of the message, restoration of 
the line key disconnects all power supplies, the 
apparatus reverting to a normal condition. 

With regard to the method of calling, the pro- 
vision of a reproducing device inside the switch- 
board and the use of the microphone to pick up and 
transmit the signal have been rendered necessary by 
the requirements of the test circuit. By simple 
means the output from the oscillator employed 
could have been amplified and applied directly to the 
selected line, evidence of transmission being given 
by the corresponding neon indication lamp. The 
method adopted, however, permits of the automatic 
testing of both the microphone and calling circuits 
in addition to the amplifiers and power equipment. 

The time pulse employed for the test comes from 
a main synchronising circuit and is preceded every 
hour by a start pulse which prepares the whole of 
the system and holds the equipment in readiness. 
In every respect the effect of this preliminary pulse 
corresponds to that of the manual operation of all 
line keys. By the subsequent closing of the time 
circuit, the calling apparatus is caused to function 
exactly as before and sends out a signal, again of 
definite frequency, but different from that announcing 
the transmission of a message. After time has been 
received the start pulse terminates, whereupon the 
equipment is restored to normal. 

The actual circuit arrangements at the control 
office are shown in a simplified form in fig. 3, the 
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apparatus included in the diagram being limited to 
that required to illustrate the application of the test 
and the transmission of speech over one line only. 
Some of the circuits will be recognised as common 
to the whole system. 

Depression of the start key energises relay M 
and a circuit is completed at contacts M1 to operate 
relay MS. In both cases the source of current is the 
storage battery, from which, at Ma, the trickle 
charge supply is immediately disconnected so as to 
avoid any possibility of interaction with the remain- 
der of the system. Assuming that the main D.C. 
supply is being used, as shown by the position of the 
manually-operated change-over switch, the contacts 
of relay MS start the. motor, which drives an 
alternator supplying A.C. to the power leads PL. 














During this period power has been supplied to 
both the intermediate and line amplifiers following 
the operation of relay A, the latter having been 
prepared by the start key and subsequently energised 
when the 50-volt supply became available. Contacts 
Ar complete the A.C. circuit and, since relay A is 
individual to the selected line, bring only the 
required amplifiers into operation. 

The valves in the last stage. consist of two GUI 
mercury rectifiers giving full wave rectification, and 
two DA6o0 power valves capable of furnishing an 
undistorted speech output of 25 watts into the line. 
The filaments of the latter reach working temperature 
almost immediately, but before the former can 
rectify full load current they require heating for 
about 40 seconds. The allowance of this period 
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Fig. 3.—Circuit arrangements of the control office shown in simplified form. 


Immediately this A.C. is available, direct current is 
furnished by the transformer RT and rectifier for 
the operation of all relays subsequently employed. 
Contacts M3 close the filament circuit of the 4-volt 
indirectly heated valves in the microphone amplifier 
in use, current being obtained from the common 
power unit which also feeds the anode circuits. 
Contacts M4 apply the battery to the microphone. 

In a few seconds the valves in the microphone 
amplifier become heated "and begin to take anode 
current from the power unit via relay HA which is 
thereby energised. Contacts of HA close to light 
“Microphone No. 1”’ lamp, indicating the preparation 
of the amplifier and, at the same time, the microphone 
to be used. If and when the change-over key is 
operated, relay CO transfers the circuits to “‘Micro- 
phone No. 2,” introducing the corresponding ampli- 
fier and relay HB which functions in exactly the same 
manner as HA. 








before drawing full current is most important in 
order to protect the rectifiers from the effects of 
ionic bombardment of the filament coating. A 
delay is therefore introduced by means of a device 
employing a neon tube, the operation of the circuit 
depending on the property of the tube of being 
non-conductive until a definite striking voltage is 
applied. 

The supply furnished by the power unit serving 
the microphone amplifiers (about 300 volts smoothed 
D.C.) is stepped down by a potentiometer PT to 
approximately 200 volts and applied via the charging 
resistance CR, normal contacts $1, operated contacts 
A2 and a discharging resistance DR to the condenser 
Y, which is slowly charged. When the striking value 
of the neon tube NT is reached a discharge takes 
place and operates relay S. The time taken to reach 
the striking voltage is governed by the size of the 
condenser, the charging resistance and the tapping 
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of potentiometer PT, and is arranged to be in the 
neighbourhood of 45 seconds. 

On the operation of relay S, contacts S2 short- 
circuit a portion of an auto-bias resistance inserted 
in the negative side of the anode supply to the power 
valves. By means of this resistance the current 
through the amplifier has been maintained at a low 
value and only a reduced current drawn from the 
rectifiers. S2 having effected the connection of the 
normal bias, the second winding of relay S is now 
inserted in the anode return lead and the relay 
remains energised. 

Under this condition full power is now available 
from the amplifier, and contacts S3 light the 
“amplifier on’’ lamp associated with the start key 
depressed. Contacts S1 discharge the condenser Y 
so that if, for any reason, the amplifier is momentarily 
switched off, the full delay period for heating the 
rectifier cathodes is again introduced. A similar 
function is performed by contacts A2 which return 
to normal when the start key is restored. 

The oscillator circuit for producing the calling 
signal consists essentially of the neon tube V, 
condenser O, and transformer TM. When the 
calling key is depressed, current is taken from the 
output of the power unit serving the microphone 
_ amplifiers and, flowing through the primary of TM, 
charges condenser O. Upon the charge reaching the 
striking value of V, a discharge occurs through the 
tube, continuing until the voltage across the con- 
denser is lowered to the extinguishing point— 
usually about 30 volts below the striking figure. 
This cycle is repeated at a speed depending upon the 
size of the condenser and the resistance in series and, 
as will be seen, produces a pulsating current in the 
primary of TM. So long as the key remains 
depressed the receivers connected across the second- 
ary of the transformer will thus emit a note of 
definite frequency to be picked up by the microphone, 
amplified and transmitted to the line. 

The output meter and speech indicator which 
function during transmission of a message are 
connected directly to the outgoing line. The 
alternative microphone may be brought into oper- 
ation by means of the change-over switch, whereupon 
the corresponding amplifier lamp, after a period of a 
few seconds during which the valves are being 
heated, again indicates that the equipment is ready. 

Upon conclusion of the message and restoration 
of the start key the two master relays, M and MS 
return to normal, disconnect all power supplies, and 
re-apply the trickle charge to the storage battery. 

Owing to the capacity existing between line 
wires upper speech frequencies tend to become 
progressively attentuated as the distance from the 
control station increases. To counteract this effect, 
tapped matching transformers Q1, Q2, etc., are 
employed, the loudspeakers at all points being 


May, 1932 


connected in the manner shown. By the individual 
adjustment of the tapping points it is possible in 
considerable measure to compensate for this high 
note loss and at the same time to maintain approxi- 
mately equal volume at all loud speakers. 

Should it be found necessary to send messages 
over exceptionally long lines or an extension to one 
already heavily loaded with loud speakers, an 
auxiliary amplifier EA may be applied at any con- 
venient point where a suitable power supply is 
available. This additional stage, incorporating its 
own delayed-switching device, is similar in operation 
to the line amplifiers at the control office, and is 
controlled by contacts A3 which close the circuit of 
relay EX to apply power locally. 

The start pulse to prepare the equipment for 
transmission of the time signal is applied from the 
clock circuit at about three minutes to the hour. 
Until after the time pulse has been received, relay 
MA remains operated and, at contacts MA1, MA2, 
MA3 and MAg, duplicates the function of relay M. 
That is, it switches on the power supply (if necessary, 
starting up the motor-generator), disconnects the 
trickle charge across the battery, supplies filament 
current to the microphone amplifier in use, applies 
battery to the microphone, and finally, at Ms, 
operates all the A relays of the system. The latter, 
at their contacts A1, prepare all intermediate and line 
amplifiers, which become fully energised, as prev- 
iously shown, after the delay period in the rectifier 
circuits has elapsed. Under these conditions the 
microphone indicator and every amplifier signal in 
the control switchboard will be illuminated. 

At the hour a single pulse of one second duration 
is received and applied to the neon oscillator V to 
produce a corresponding note in the two receivers. 
In this case, however, the charging resistance in 
series with the condenser O differs in value from 
that employed in the calling circuit, with the result 
that the frequency of the note is altered. The time 
signal transmitted to the lines is therefore quite 
distinctive. In practice suitable values for the 
components of the oscillator circuit are found to be :-— 
condenser 0.05 microfarad, supply 300 volts, calling 
resistance 100,000 ohms, and time signal resistance 
50,000 ohms. 

When the start pulse contacts open, relay MA 
releases, disconnects the power supply and all A 
relays, and the system is restored to normal. 

It will be seen that failure of any components 
will definitely result in the non-receipt of the time 
signal by one or more groups of loud speakers, in 
which event the booking office attendants will 
immediately advise the control office. 

In conclusion the authors wish to express their 
indebtedness to Mr. W. S. Every, Signal Engineer to 
the London Underground Railways, for permission 
to publish the information contained in this article. 
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An Improved High-Frequency 


Induction Furnace. 


(Stobie Patents). 
By VERDON O. CUTTS. 


Industrial Heating Dept. of The General Electric Co., Ltd 


HE high-frequency induction 
furnace represents what is 
undoubtedly the most im- 
portant development in electric 
furnaces of recent years. Within 
its legitimate field it possesses very 
definite advantages over all other 
types of melting furnaces, whether 
fuel fired or electric, while it is the 
ideal melting unit for many steels, 
most ferrous alloys and some non- 
ferrous metals and alloys. 

All the considerations involved 
in the selection of the most desirable 
melting equipment for any partic- 
ular purpose may be grouped 
together into two categories, metal- 


lurgical and economic. It is, therefore, convenient 
to consider the high frequency induction furnace 


under these two headings. 
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In the accompanying short article 
the author outlines the advantages 
of the high-frequency induction 
furnace for melting steel and ferro- 
magnetic alloys. 

The General Electric Co. Ltd., 
has acquired the manufacturing 
rights under Stobie patents of a new 
type of high-frequency induction 
furnace wherein the magnetic field 
produced is concentrated at the 
point where it is required. It is 
hoped to give a full description of 
this furnace in an early issue. 
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charged into the furnace. The only 
possible modification is that which 
would result from the degasification 
of the steel. The charge cannot 
take up sulphur as it would in coke 
or producer gas fired furnaces, or 
carbon as in the electric arc furnace, 
while injurious non-metallic oxide 
or slag inclusions are eliminated. 
When the metal is molten an 
automatic stirring effect is produced 
electrically within the charge ; this 
ensures a uniformity of composi- 
tion throughout each charge which 
is not attainable in any other type 
of furnace. Not only is the high 
frequency furnace essentially a 


quick melting unit, more suitable for intermittent 
use than any other furnace, but also the working 


temperature is under very precise control. 





Fig. 1.—-The Witton high-frequency induction furnace. 


METALLURGICAL CONSIDERATIONS. 
Steel and other alloys are melted under conditions 


This very brief reference to some of the more 


important features of the furnace will doubtless 
suggest to the steel maker and metallurgist possibilities 
which have hitherto been hoped for but regarded 


which ensure that the product 1s identical in com- 
position with the arithmetical sum of the materials 
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as impracticable. For example, the value of the 
furnace for melting high chromium and other alloys 
which have a strong affinity for carbon will be 
apparent, while the strong circulation of the bath 
of molten metal in a basic lined furnace is particularly 
advantageous for refining, and for such purpose as 
dephosphorization and desulphurization. 
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under control, and can therefore be adjusted to suit 
individual requirements, it may be of interest to 
note that a Witton furnace melting high grade steels 
produces a heat in one hour. 

The Witton high frequency furnace differs from 
others of the same type in that it is not of the coreless 
type, but is partially cored. 


Fig. 2._-Witton high-frequency furnace in 
pouring position. 


ECONOMIC CONSIDERATIONS. 


As the heat is produced within the charge itself, 
the efficiency of the furnace is remarkably high, the 
current consumption per unit of output being lower 
than that of the arc furnace. Based upon average 
rates for electric supplies in industrial districts, for 
instance, steel, superior in quality to the best crucible 
steel, is produced at approximately half the cost of 
the crucible process. So far as labour is concerned 
there is little supervision required other than 
charging and pouring, and labour requirements are, 
therefore, reduced to a minimum, automatic control 
simplifying the operations. The feature of rapid 
melting has an important economic value as it 
renders a small furnace capable of a comparatively 
large output. Whilst the speed of melting is fully 
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Full information can be obtained on application to— 


The General Electric Co., Ltd., 


The path of the magnetic field in the Witton 
furnace is through thin laminations of special alloy 
steel which has a conductivity for magnetic flux 
considerably greater than that of the air path of 
other high frequency furnaces. This alloy steel 
path is brought to a central position right inside 
the axis of the inductor coil. The result is that, 
instead of creating a magnetic field which is weakened 
by air resistance and uncontrolled as regards its 
distribution within the crucible, a very strong and 
centrally situated magnetic field is produced in the 
charge. Consequently, the charge is melted very 
economically and the design of the remainder of the 
electrical equipment can be made entirely subservient 
to the safety of the operators and plant. 
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